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ABSTRACT 
Carbonation of Peridotite in The Oman Ophiolite 
Elisabeth Streit Falk 
 
The formation of carbonate minerals during alteration of ultramafic rocks 
represents a geological analogue of mineral carbon sequestration. In the Oman Ophiolite, 
these carbonation reactions are manifested in (1) active, on-going low-temperature 
systems involving meteoric water, which result in serpentinization, carbonate vein 
formation, and travertine precipitation at alkaline springs, and (2) older, higher-
temperature systems, which resulted in completely carbonated peridotite, known as 
listvenite. Employing electron microprobe analysis, x-ray diffraction, stable and clumped 
isotope thermometry, Sr isotope geochemistry, and geochemical modeling, this study 
seeks to constrain the conditions under which natural carbonation has occurred in the 
Oman ophiolite, with the broader goal of understanding what factors and feedbacks 
control efficient carbonation of peridotite. 
Near low-temperature alkaline springs emanating from peridotite in Oman, 
networks of young carbonate veins are prevalent in highly serpentinized peridotite. A 
notable feature in some carbonate-veined serpentinite samples is the coexistence of Fe-
rich serpentine and quartz. At a given pressure, the formation of iron-rich serpentine at 
the expense of magnetite should be favored at lower temperatures. Calculations of 
thermodynamic equilibria in the MgO-SiO2-H2O-CO2 system show that serpentine + 
quartz is stable assemblage at sufficiently low temperatures (e.g., less than ~15-50°C), 
and is stabilized to higher temperatures by preferential cation substitutions in serpentine 
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over talc. Thus, the observed serpentine + quartz assemblages could result from 
serpentinization at near-surface temperatures. Clumped isotope thermometry of carbonate 
veins yields temperatures within error of the observed temperatures in Oman 
groundwater, while the !18O of water calculated to be in equilibrium with carbonate 
precipitated at those temperatures is within error of the observed isotopic composition of 
Oman groundwater. As groundwater geochemistry suggests that carbonate precipitation 
and serpentinization occur concomitantly, this indicates that both hydration and 
carbonation of peridotite are able to produce extensive alteration at the relatively low 
temperatures of the near-surface weathering environment in Oman. 
Along some locations near the basal thrust of the ophiolite, hydrothermal 
alteration of peridotite in the Samail Ophiolite of Oman has resulted in the formation of 
listvenite, characterized by complete carbonation, in which all of the Mg and much of the 
Fe has been incorporated into carbonate minerals, resulting in a rock composed primarily 
of magnesite (and/or dolomite where Ca has been added) + quartz. Mineral parageneses 
and clumped isotope data from magnesite and dolomite suggest that carbonate phases 
within the listvenite formed at peak temperatures ~100°C. CO2-enriched fluids were 
likely derived from underlying calcite-bearing sediment during emplacement of the 
ophiolite. Initial 87Sr/86Sr values in the listvenite vary from 0.7085 to 0.7135, mostly 
significantly higher than seawater values, and are consistent with values within the 
underlying allochthonous and autochthonous metasediments. An internal Rb-Sr isochron 
from one listvenite sample yields an age of 97 ± 29 Ma, consistent with the timing of 
emplacement of the ophiolite. Release of pore fluid during compaction of subducted 
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sediments may result in similar carbonation of peridotite in the shallow hanging wall of 
other subduction/obduction environments. 
These natural systems demonstrate that significant carbonation of peridotite may 
occur even at low temperatures, but can be much more efficient at higher temperatures. 
Furthermore, complete carbonation of peridotite may be achieved, in spite of the potential 
for armoring of reactive surfaces and reduction of permeability, as demonstrated by the 
formation listvenite. These natural processes of hydrothermal alteration and weathering 
could potentially be accelerated to provide a permanent storage solution for the disposal 
of CO2 via the in situ formation of solid carbonate minerals in peridotite.   
! !  
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Chapter 1: Introduction 
 
  
This thesis addresses the conditions under which carbonate minerals form during 
alteration of tectonically exposed peridotite in the Oman Ophiolite, a process that serves 
as a natural analog for mineral carbon sequestration. Because peridotite is far from 
equilibrium with CO2-bearing surface- and ground-waters, its exposure near the surface 
represents a vast reservoir of available chemical potential energy to drive hydration and 
carbonation reactions. By examining natural carbonation reactions in hydrothermal and 
weathering environments, I seek to better constrain their role in the global carbon cycle 
and to evaluate the potential promises and pitfalls of using enhanced in situ carbonation 
of peridotite for CO2 capture and storage.  
 
1. Alteration of ultramafic rocks 
Hydrothermal alteration and weathering of ultramafic rocks have attracted 
increasing attention over the past twenty years, as researchers have recognized the 
potentially important consequences of these reactions for global carbon cycles, 
engineered solutions for carbon capture and storage, hydrogen generation, extremophile 
communities, and perhaps even the origin of life. Natural CO2 uptake via carbonation of 
peridotite on the seafloor is a significant carbon sink and an important element of the 
carbon cycle (e.g., Früh-Green et al. 2004; Kelemen et al. 2011; Schwarzenbach et al. 
2013). It has even been proposed that the emergence of large areas of ultramafic seafloor 
in the New Caledonia region was responsible for rapid CO2 drawdown leading to 
profound climate change (Reusch 2011).  
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The fate of carbon in these environments is closely linked with hydration of 
peridotite. H2-rich fluids resulting from serpentinization act as a reductant for abiotic 
synthesis of hydrocarbons (e.g., Sleep et al. 2004; Proskurowski et al. 2008; McCollom et 
al. 2010), may provide chemical energy for microbial communities and were perhaps 
vital in the emergence of early life (e.g., Schulte et al. 2006; McCollom and Bach 2009; 
Holm and Neubeck 2009; Sleep et al. 2011).  Serpentinization and carbonation of 
peridotite are exothermic, and heat released by serpentinization of seafloor peridotite may 
contribute to hydrothermal circulation (Schuiling 1964; Fyfe 1974; Kelley et al. 2001; 
Emmanuel and Berkowitz 2006).  
Most studies of peridotite-hosted hydrothermal systems have focused on 
serpentinization near mid-ocean ridges (e.g., Früh-Green et al. 1996; Agrinier and Cannat 
1997; Kelley et al. 2001; Charlou et al. 2002; Schmidt et al. 2007). Carbonation of 
seafloor peridotite is most stunningly manifested in tall carbonate chimneys the off-axis 
Lost City hydrothermal field (Kelley et al. 2001; Früh-Green et al. 2003), but diffuse 
interactions seawater and seafloor peridotite may be more significant globally (Kelemen 
et al. 2011). In submarine forearc environments, reaction of hanging wall peridotite 
above subduction zones with hydrothermal fluids is evidenced by serpentine mud 
volcanoes and associated carbonate chimneys (e.g., Hensen et al. 2004; Mottl et al. 
2004). Near-shore and on-land peridotite-hosted systems share many of the same 
chemical characteristics of hydrothermal systems in seafloor peridotite: reaction with 
peridotite leads to the development of high-pH, low-Eh fluids, production of hydrogen 
and methane, and precipitation of abundant carbonate (e.g., Barnes and O'Neil 1969; 
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Neal and Stanger 1985; Peretti et al. 1992; Bruni et al. 2002; Kelley et al. 2005; 
McCollom and Bach 2009).  
On-land, hydration and carbonation result from low-temperature reaction of 
meteoric water with peridotite in three steps (Figure 1), first described in Northern 
California (Barnes and O'Neil 1969; Barnes et al. 1967), and recognized in exposed 
peridotite bodies worldwide (Barnes et al. 1978; Neal and Stanger 1985; Bruni et al. 
2002; Cipolli et al. 2004; Kelemen and Matter 2008; Paukert et al. 2012). In the first step, 
meteoric water reacts with peridotite in shallow aquifers in an open system with 
atmospheric levels of CO2 and O2, resulting in Mg2+-HCO3- waters. When this water 
infiltrates to deeper depths cut off from atmospheric CO2 and O2, the water evolves to a 
highly alkaline Ca2+-OH- groundwater, with virtually no Mg2+ or dissolved inorganic 
carbon, as continued reaction with peridotite results in precipitation of serpentine and 
carbonate minerals. Finally, when these alkaline waters return to the surface with the 
atmosphere or mix with shallow groundwater, the addition of CO2 results in calcite 
precipitation in the form of travertine terraces, stream conglomerates, or shallow veins. 
This model suggests the presence of Ca2+-OH- groundwater issuing from ultramafic 
bodies is evidence of linked, on-going serpentinization and carbonation. 
Extreme carbonate-alteration of peridotite results in the formation of talc-
carbonate rocks (soapstone) and quartz-carbonate rocks (listvenite), which form at higher 
CO2 partial pressures and higher temperatures (e.g., 75-450°C) than the shallow 
groundwater reactions described above (e.g., Schandl and Naldrett 1992; Auclair et al. 
1993; Hansen et al. 2005; Akbulut et al. 2006; Nasir et al. 2007; Damdinov et al. 2007; 
Likhoidov et al. 2007; Lutkov et al. 2007; Plissart et al. 2009; Yigit 2009; Kelemen et al. 
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2011). Listvenites represent complete carbonation of peridotite, with all Mg in carbonate 
minerals and all Si in quartz. So complete is this transformation that relict chromian 
spinels are often one of the only indications of the peridotite protolith and these 
carbonate-silica rocks have been mistaken for metasediments until only recently (e.g., 
Santti et al. 2006). Listvenite deposits have historically attracted attention primarily for 
their association with gold mineralization and other economically-valuable hydrothermal 
deposits (first noted by Rose 1837), but more recently have been highlighted as a natural 
analog to mineral carbon storage (Hansen et al. 2005; Kelemen et al. 2011; Beinlich et al. 
2012) and as a window into peridotite carbonation processes in the hanging wall of 
subduction zones (Kelemen et al., 2011). 
 
2. Geologic setting 
 In Oman, carbonate-altered peridotite is present as (a) travertine and carbonate 
veins in serpentinized peridotite associated with active, ongoing “low T” systems 
involving meteoric water, and (b) fully-carbonated listvenite, representing older, fossil 
“high T” systems. 
 The Samail Ophiolite, located in the Sultanate of Oman and the United Arab 
Emirates (Figure 2), is the largest and best-exposed ophiolite in the world. The ophiolite 
is a thrust sheet of oceanic crust and upper mantle that was emplaced onto the Arabian 
continental margin during the closure of the Tethyan ocean in the late Cretaceous, 
beginning ~95 Ma (Figure 3) (Coleman 1981; Hacker et al. 1996). The mantle section is 
underlain by the metamorphic sole, consisting of a thin sheet of metamorphosed oceanic 
sediments and volcanic rocks heated and welded against the mantle during initiation of 
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intraoceanic thrusting, the relatively unmetamorphosed oceanic sediments and volcanic 
rocks of the allochthonous Hawasina nappes, which were bulldozed in front of and 
beneath the leading edge of the advancing ophiolite, and finally the autochthonous 
continental shelf and parautochthonous continental slope deposits, thick carbonate 
deposits which rest on pre-Permian crystalline basement (Glennie et al. 1974). Tilting and 
erosion has exposed ophiolite sections from 0 to 15km below the paleo-seafloor, 
providing outcrop exposures of igneous and hydrothermal processes at oceanic spreading 
centers (e.g., Pallister and Hopson 1981; Gregory and Taylor 1981; Kelemen et al. 1995; 
1997; Van Tongeren et al. 2008).  
While the Oman ophiolite has been the site of important studies of hydrothermal 
processes in the lower crust, there has been relatively little work on mantle peridotite 
hydration and carbonation. Most of these studies have focused on the active, low-
temperature system. Dewandel et al. (2005), Weyhenmeyer (2000), Weyhenmeyer et al. 
(2002), and Matter et al. (2006) studied the hydrology of parts of the ophiolite and 
peridotite alluvium. Stanger and co-workers wrote several papers on the geochemistry of 
groundwater and mineral deposits associated with alkaline springs formed by peridotite 
alteration (Neal and Stanger 1983, 1984, 1985; Stanger 1986; Stanger et al. 1988; Stanger 
and Neal 1994). Clark and co-workers studied the stable isotope and radiocarbon record 
of travertine formation from peridotite-hosted alkaline springs (Clark and Fontes 1990; 
Clark et al. 1992). Recent studies have investigated these alkaline systems in greater 
detail, adding extensive mineralogical analyses, isotopic data, quantitative estimates of 
carbonation rates and geochemical reaction path models (e.g., Kelemen and Matter 2008; 
Matter and Kelemen 2009; Kelemen et al. 2011; Monnin et al. 2011; Paukert et al. 2012; 
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Chavagnac et al. 2013). Mineralogical studies of serpentinization in Oman include recent, 
detailed investigations of serpentinite replacement textures by Boudier et al. (2010), and 
two short papers on native metal alloys in Oman serpentinites (Lorand 1987; Leblanc et 
al. 1991). There have been some, mainly descriptive, studies of the listvenites in Oman 
(Stanger 1985; Wilde et al. 2002; Nasir et al. 2007; Rajendran et al. 2013), but few 
constraints have been placed on the conditions of their formation (e.g., temperatures, 
fluid compositions). 
Recently, Kelemen and co-workers have proposed that the natural mineral 
carbonation systems in Oman can provide insights into the design of engineered systems 
for carbon capture and storage (Kelemen and Matter 2008; Matter and Kelemen 2009; 
Kelemen et al. 2011; Paukert et al. 2012; Mervine et al. in press). Detailed mapping of 
travertine, mass balance calculations and 14C dating in travertine and carbonate veins in 
peridotite indicate that ~104 to 105 tons of atmospheric CO2 are converted to solid 
carbonate minerals annually via alteration of peridotite in Oman. These rates are 
surprisingly rapid, and the carbon storage potential of the Oman ophiolite is vast—adding 
1 wt% CO2 to the peridotite would consume an amount roughly equivalent to the increase 
since the industrial revolution.  
 
3. In situ mineral carbon sequestration 
Stabilizing CO2 concentrations in the atmosphere over the next century will likely 
require implementation of carbon capture and storage (CCS) (e.g., Metz et al. 2005; 
Lackner et al. 2012). Storage of CO2 in solid carbonate minerals via reaction with 
ultramafic materials has been championed on the basis that the waste product is 
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thermodynamically stable and environmentally neutral, thus allowing CO2 to be safely 
sequestered for thousands of years without the need for long-term monitoring (e.g., 
Seifritz 1990; Lackner et al. 1995; Lackner et al. 1997).  
Peridotite is an ideal substrate for mineral carbon sequestration because its 
primary component, olivine, has the greatest CO2 storage potential of major rock-forming 
minerals (e.g., Xu et al. 2004), and the dissolution and carbonation rates of olivine are 
faster than those of other silicate minerals (e.g., as summarized in Matter and Kelemen 
(2009) and Kelemen et al. (2011)). While more efficient industrial processes are being 
developed (e.g., Park and Fan 2004), ex situ carbonation of peridotite, either “at the 
smokestack” or via weather of dispersed olivine powders, entails high costs of mining, 
transporting, and processing reactant peridotite (e.g., Lackner et al. 1997; Schuiling and 
Krijgsman 2006). In situ reaction of peridotite with injected CO2 or thermally convecting 
seawater offers a slower, but lower-cost alternative (Cipolli et al. 2004; Hansen et al. 
2005; Kelemen and Matter 2008; Kelemen et al. 2011). Although carbonation rates 
observed in the active system in Oman are significantly slower than laboratory 
carbonation reactions, reaction rates could be enhanced over several orders of magnitude 
under optimal conditions (Kelemen and Matter 2008).   
Direct olivine carbonation experiments indicate that peak reaction rates are 
achieved at temperatures ~185°C and that reaction rate increases with partial pressure of 
CO2 (Chizmeshya et al. 2007; O'Connor et al. 2005), as shown in Figure 4 (fit by 
Kelemen and Matter (2008)). When grain size effects are taken into account, natural 
peridotite carbonation rates in Oman agree surprisingly well with experimental data from 
O'Connor et al. (2005) (Kelemen et al. 2011). At the optimal temperature of 185°C, 
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reaction rates are expected to be ~106 times faster than in the active, low-temperature 
system, and increasing the CO2 partial pressure to over 100 bars increases the reaction 
rate by a factor of almost 103. Because the carbonation reactions are exothermic, self-
heating may be able to sustain high reaction rates at temperatures near the optimum of 
185°C (Kelemen and Matter 2008). In another positive feedback mechanism, reaction 
progress could be further self-sustained by reaction-driven cracking, wherein solid 
volume increases during hydration and carbonation reactions could cause fracture 
formation, thereby maintaining or increasing permeability and availability of reactive 
surfaces (MacDonald and Fyfe 1985; Jamtveit et al. 2008; Rudge et al. 2010; Kelemen 
and Hirth 2012).  
However, these solid volume increases could potentially lead to armoring of 
reactive surfaces and reductions in porosity and permeability, thereby limiting reaction 
progress. Experimental studies of olivine hydration and carbonation have noted decreases 
in reaction rates with time (Martin and Fyfe 1970; O'Connor et al. 2005), and armoring of 
reactive surfaces has been observed in the form of silica “passivating” layers on olivine 
during carbonation reactions (Chizmeshya et al. 2007; Andreani et al. 2009). 
Nonetheless, extensive outcrops of completely hydrated peridotite (serpentinite) and 
completely carbonated peridotite (listvenite) attest to the fact that olivine hydration and 
carbonation reactions are not always self-limiting.  
 
4. Outline of thesis 
This thesis examines the conditions of peridotite carbonation and hydration in the 
Oman ophiolite in order to understand the chemical and physical processes that lead to 
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rapid and extensive peridotite carbonation. I focus on petrologic and geochemical 
evidence for the timing, temperature, and fluid compositions of on-going and ancient 
peridotite carbonation in Oman. All rock samples used in this study, collected during 
fieldwork in Oman in January of 2007, 2008, 2009, 2010, and 2011, are listed in 
Appendix 1, which includes field descriptions, GPS locations, and major phases. 
Chapter 2 presents the results of mineralogical analyses and clumped isotope 
thermometry in carbonate-veined serpentinite from the active, low-temperature system. 
The presence of iron-rich serpentine and the coexistence of lizardite + quartz in these 
rocks suggests low temperatures of serpentinization, consistent with clumped isotope 
temperatures in carbonate veins and observed groundwater temperatures. The results of 
this chapter provide further evidence that present-day serpentinization and carbonation of 
peridotite are occurring at ambient temperatures in a shallow weathering horizon in the 
Oman ophiolite. 
Chapter 3 contains an assessment of the application of the carbonate clumped 
isotope paleothermometer to magnesite. Clumped isotope thermometry provides a 
method of determining the temperature of formation of carbonate minerals independent 
of the isotopic composition of the fluid from which they formed, making it a valuable 
tool where constraints on the isotopic composition of the fluid are limited, for example, in 
ancient hydrothermal systems such as those involved in listvenite formation. However, 
clumped isotope analysis of magnesite, the most abundant carbonate mineral in listvenite, 
presents unique challenges, and the clumped isotope thermometer has not been 
previously calibrated for magnesite. This chapter verifies the reliability of the carbonate 
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clumped isotope paleothermometer for natural and synthetic magnesite samples formed at 
known temperature ranging from ~5-250°C. 
Chapter 4 investigates the temperatures, timing, and fluid compositions involved 
in the formation of listvenite in Oman. The results of electron microprobe analyses, x-ray 
diffraction, Sr isotope geochemistry, carbonate clumped isotope thermometry, oxygen 
isotope analyses in quartz, and thermodynamic and geochemical modeling are 
considered. These mineralogical and isotopic data support the hypothesis that magnesite-
quartz listvenites formed at temperatures around 100°C during obduction of the Oman 
ophiolite, as slightly CO2-enriched fluids derived from underlying sediments 
metasomatized hanging wall peridotite. 
Overall, natural peridotite carbonation processes in Oman highlight the promise 
of enhanced in situ mineral carbon storage in peridotite. Extensive outcrops of fully 
carbonated listvenite demonstrate that complete carbonation of peridotite is attainable, 
and on-going, low-temperature carbonation shows that these systems can be sustained for 
tens of thousands of years. This work provides further evidence for the link between low-
temperature alkaline springs, serpentinization, and formation of carbonate veins in 
serpentinite, additionally validating the carbonation rates estimated by Kelemen and 
Matter (2008). Even though results indicate that listvenites formed at temperatures below 
those corresponding to peak carbonation rates and CO2 concentrations were likely 
moderate, the inferred conditions of listvenite formation correspond to carbonation rates 
at least 2-4 orders of magnitude faster than rates of ongoing peridotite carbonation. Thus 
rapid and complete carbonation of peridotite may be attainable via relatively low-cost in 
situ methods of carbon capture and storage in peridotite. 
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Figure 1. Evolution of groundwater in peridotite aquifers (Paukert et al. 2012, Fig. 1) 
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Figure 2. Map of the Samail ophiolite, major sites of peridotite carbonation indicated. 
Blue squares = alkaline springs and travertines, red circles = carbonate veins in 
serpentinized peridotite, red diamonds = listvenite. (modified from Kelemen and Matter 
2008, Fig. 2) 
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Figure 3. Emplacement of the Oman ophiolite (Coleman 1981, Fig. 6) 
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Figure 4. Olivine carbonation rates (Kelemen and Matter 2008, Fig. 5) 
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Chapter 2: Coexisting serpentine and quartz from carbonate-bearing serpentinized 
peridotite in the Samail Ophiolite, Oman 
 
This chapter has been published in Contributions to Mineralogy and Petrology. The final 
publication is available at http://link.springer.com/article/10.1007/s00410-012-0775-z 
 
Abstract 
 Tectonically exposed mantle peridotite in the Oman Ophiolite is variably 
serpentinized and carbonated.  Networks of young carbonate veins are prevalent in highly 
serpentinized peridotite, particularly near low-temperature alkaline springs emanating 
from the peridotite.  An unusual feature in some samples is the coexistence of serpentine 
and quartz, which is not commonly observed in serpentinites. This assemblage is unstable 
with respect to serpentine + talc or talc + quartz under most conditions. Serpentine in the 
carbonated serpentinites in this study is more iron-rich than in most serpentinites reported 
in previous studies, and samples with co-existing quartz contain the most iron-rich 
serpentines.  Calculations of thermodynamic equilibria in the MgO-SiO2-H2O-CO2 
system suggest that serpentine + quartz may be a stable assemblage at low temperatures 
(e.g., less than ~15-50°C), and is stabilized to higher temperatures by preferential cation 
substitutions in serpentine over talc.  Based on these calculations, serpentine + quartz 
assemblages could result from serpentinization at near-surface temperatures. Clumped 
isotope thermometry of carbonate veins yields temperatures within error of the observed 
temperatures in Oman groundwater for all samples analyzed, while the !18O of water 
calculated to be in equilibrium with carbonate precipitated at those temperatures is within 
error of the observed isotopic composition of Oman groundwater for the majority of 
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samples analyzed. As groundwater geochemistry suggests that carbonate precipitation 
and serpentinization occur concomitantly, this indicates that both hydration and 
carbonation of peridotite are able to produce extensive alteration at the relatively low 
temperatures of the near-surface weathering environment.   
1. Introduction 
 
 Mantle peridotite is far from thermodynamic equilibrium with the atmosphere and 
surface waters, and peridotite exposed at Earth’s surface reacts readily with aqueous 
fluids to form products including serpentine and carbonate minerals. Carbonation of 
exposed mantle peridotite may therefore provide effective means of permanent carbon 
storage (e.g., Seifritz 1990). It has been demonstrated that in situ carbonation of 
peridotite has the potential to store large amounts of CO2 as stable carbonate minerals 
(Kelemen and Matter 2008).  The efficiency of peridotite carbonation depends on 
temperature, pressure, water composition, and reactions involving the magnesium 
silicates that are dissolved and precipitated during alteration of peridotite (e.g., O'Connor 
et al. 2004; Hansen et al. 2005; Chizmeshya et al. 2007). Thus, understanding the 
circumstances of carbonation of peridotite during natural alteration can constrain the 
optimal conditions and limitations of mineral carbon sequestration in peridotite. 
High degrees of carbonation and serpentinization are observed in carbonate-
bearing serpentinized peridotite in the Samail Ophiolite of Oman. The extent of 
serpentinization in the tectonically exposed mantle section of ophiolites is typically 30-
60%, reaching 100% in some cases (Boudier et al. 2010). In peridotite that hosts 
abundant carbonate veins in the Samail Ophiolite, we commonly observe 100% 
serpentinization, and relict olivine is rare.  Most of the sub-surface carbonate veins now 
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exposed by erosion are relatively young, with 95% of 40 samples yielding 14C ages 
ranging from 0 to 50,000 years (Clark and Fontes 1990; Kelemen and Matter 2008; 
Kelemen et al. 2010). Low-temperature alkaline springs emanating from the peridotite, as 
well as the spectacular travertine terraces that precipitate around these springs, are also 
linked to ongoing carbonation and serpentinization. Ca-OH--rich, carbon-poor waters are 
formed as groundwater reacts with peridotite isolated from the atmosphere and 
precipitate calcite and dolomite as they emerge at the surface to react with atmospheric 
CO2 or mix with Mg-HCO3- waters (Barnes and O'Neil 1969; Neal and Stanger 1985; 
Bruni et al. 2002; Kelemen and Matter 2008). Spring water temperatures are ~30°C, 
similar to the mean annual air temperature in Oman. Kelemen et al. (2011) report d18O 
values in peridotite-hosted carbonate veins and travertines that are consistent with 
equilibrium with Oman groundwater and spring-water at near-surface temperatures. 
Together, carbonate ages, geochemical trends in groundwater, and preliminary stable 
isotope thermometry suggest that low-temperature serpentinization and carbonation in 
these rocks has been ongoing for more than 50,000 years and continues to the present 
day.  
 The products of ongoing alteration of peridotite at near-surface temperatures in 
Oman are primarily serpentine + magnesite, dolomite, or calcite, with calcite more 
prevalent near alkaline springs and associated travertine deposits. Talc is very rare in our 
carbonate-veined, altered peridotite samples, found only as scattered grains in one sample 
(OM07-28A). However, we observe the surprising occurrence of abundant quartz + 
serpentine without talc in two of our samples (OM08-206A and OM08-206D). Here we 
discuss mineral parageneses and thermometry in low temperature carbonated and 
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serpentinized peridotite from the Samail Ophiolite in Oman and consider the implications 
for conditions of alteration.  
2. Analytical Methods 
 Samples were studied by petrographic microscope, powder X-ray diffraction 
(XRD), X-ray fluorescence (XRF), and electron microprobe.  Powdered samples were 
analyzed by X-ray diffraction using a Philips Model 1830 X-ray diffractometer located at 
Woods Hole Oceanographic Institution and peaks for constituent minerals were identified 
using MacDiff and Match! Software. Whole rock major and trace element composition 
were determined by X-ray fluorescence at the Washington State University 
GeoAnalytical Lab, where loss on ignition (LOI), primarily H2O + CO2, was also 
measured (http://www.sees.wsu.edu/Geolab/equipment/xrf.html).  Polished thin sections 
were quantitatively analyzed with a 5-spectrometer Cameca SX-100 electron microprobe 
located at the American Museum of Natural History in New York, using a 10µm beam 
diameter, with 15kV accelerating voltage, 10nA current, and 20-30 second peak time, to 
analyze the major element composition of phases in thin section in terms of Si, Ti, Al, Cr, 
Fe, Mn, Mg, Ca, and Ni, using natural and synthetic standards. To correct for matrix 
effects in serpentine, Si and Mg concentrations in serpentine analyses were corrected 
using a calibration based on analyses of reference antigorite standard, BM66586. The 
reported analytical precision is based on replicate analyses of this reference material. 
Calibration information for each measured oxide, including spectrometer crystal, 
calibration standard, peak time, wt% in antigorite sample, standard deviation, and post-
measurement corrections, are shown in the supplementary table in Online Resource 1. 
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 Clumped isotope and conventional !18O carbonate-water exchange thermometry 
were employed to determine the temperature of carbonate precipitation during alteration 
of peridotite.  Clumped isotope thermometry is a relatively new carbonate 
paleothermometer based on temperature-dependent “clumping” of 13C and 18O relative to 
a stochastic distribution in CO2 released by acid digestion of carbonate, and does not 
depend on the bulk isotopic composition of the fluid from which the carbonate minerals 
precipitated (Ghosh et al. 2006; Eiler 2007; Huntington et al. 2009).  CO2 was extracted 
from carbonate minerals in our samples by phosphoric acid digestion, with samples 
containing only calcite veins reacting at 25°C for 12-16 hours in sealed vessels (OM08-
01 and OM09-130) or at 90°C for 20 minutes with evolved CO2 continuously trapped 
cryogenically (samples OM08-206D and OM10-34B), samples containing only dolomite 
veins reacting at 90°C for 20 minutes in sealed vessels, and samples containing 
magnesite veins reacting at 80°C for 2-3 days in sealed vessels. Samples containing more 
than one carbonate mineral were subjected to a stepped phosphoric acid digestion 
procedure following the method of Guo (2008). The extracted gas was purified by 
cryogenic separation and gas chromatography, and analyzed by gas-source isotope ratio 
mass spectrometry using a modified Thermo-Finnegan 253 in the laboratories for stable 
isotope geochemistry at Caltech to simultaneously make measurements of clumped 
isotope ratios, reported as "47 values (Ghosh et al. 2006), !13C, and !18O.  
Clumped isotope analytical methods and data processing were carried out 
according to the protocols described in Huntington et al. (2009). "47 values were 
normalized based on analysis of heated CO2 gases with a stochastic distribution of 
isotopologues, and were corrected for fractionation during phosphoric acid digestion at 
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temperatures above that of the original calibration (25°C) (Ghosh et al. 2006) via linear 
interpolation between that and the experimentally-determined correction factor of 
0.081‰ at 90°C (Passey et al. 2010). This agrees relatively well with the theoretically 
predicted correction of 0.0078‰ for phosphoric digestion of calcite at 90°C (Guo et al. 
2009). Although Guo et al. (2009) predict different (slightly non-linear) hot acid 
fractionation corrections for calcite, dolomite, and magnesite, the difference between 
those corrections and the experimental value does not result in significantly different 
clumped isotope temperatures (~3°C higher for magnesite digested at 90°C, ~2°C higher 
for dolomite digested at 90°C, and ~1°C lower for calcite and dolomite digested at 50°C 
for low-temperature carbonates). 
Clumped isotope temperatures were calculated using a polynomial fit to the 
experimental calcite calibration data between 1 and 50°C and at 1100°C from Ghosh et 
al. (2006) and experimental dolomite calibration data between 25 and 350°C (Bonifacie 
et al. 2011; Bristow et al. 2011; M. Bonifacie, manuscript in preparation). The synthetic 
dolomite data are consistent with inorganic calcite calibrations as well as the theoretical 
dolomite calibration of Guo et al. (2009). Although experimental calibration data are not 
available for magnesite, Guo et al. (2009) calculate a temperature dependence of "47 in 
magnesite that is indistinguishable from that in dolomite. Varying the choice of equation 
used for "47 temperature-dependence (single polynomial fit to all available calibration 
data (Bristow et al. 2011), separate fits to calibration data for calcite and dolomite (Ghosh 
et al. 2006; M. Bonifacie et al., manuscript in preparation), or separate theoretical 
calibrations for each mineral (Guo et al. 2009)) results in less than 4°C variation in the 
calculated temperatures of carbonate precipitation at low temperatures, which is similar 
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in magnitude to the analytical error. As such, a single polynomial fit is used for all three 
minerals. 
Oxygen isotope ratios of water in equilibrium with the carbonates at these 
clumped isotope temperatures were calculated using the calcite-water fractionation 
factors from Kim and O’Neil (1997), dolomite-water fractionation factors from 
Vasconcelos et al. (2005), and magnesite-water fractionation factors calculated ratioing 
the reduced partition function ratios for magnesite and water from, Schauble et al. (2006) 
and Rosenbaum (1997), respectively. Since experimental data are not available for 
magnesite-water oxygen isotope fractionation, and different theoretical calculations of 
fractionation factors can yield significantly different results (Schauble et al. 2006; 
Chacko and Deines 2008; Zheng 2011), less confidence can be given to the !18Owater 
values derived from magnesite. 
3. Results 
3.1 Mineralogy 
 Most samples have mesh textures typical of serpentine replacing olivine (Wicks 
and Whittaker 1977; O'Hanley 1996). Rare olivine relicts are present in only a few 
carbonate-veined serpentinite samples, with sparse pyroxene the most common relict 
primary silicate phase.  X-ray diffraction (XRD) analysis was employed to identify the 
major minerals in most of the samples.  XRD, combined with optical petrography, reveals 
that serpentine is composed of lizardite and chrysotile, and the vein carbonates are 
primarily dolomite and magnesite. However, in some veins near active alkaline springs, 
calcite is the most abundant carbonate mineral.  Minerals other than serpentine and 
carbonate commonly reported in carbonate-bearing serpentinized peridotites during low-
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temperature alteration and weathering of peridotite, such as brucite, talc, and hydrated 
carbonates including hydromagnesite, nesquehonite, dypingite, and huntite (e.g., Stanger 
and Neal 1994; Wilson et al. 2006; Klein et al. 2009; Bach and Klein 2009)), are not 
present in sufficient quantities (more than 5 to 10%) in our samples to be identified in 
XRD, nor were they found by electron microprobe in most samples. Our samples are 
chemically heterogeneous, as magnesium and calcium are mobilized in the fluid during 
serpentinization and precipitated elsewhere in millimeter-to-decimeter-scale carbonate 
veins. Bulk-rock chemistry and mineralogy is presented in Table 1. 
The fine-grained nature of most of our samples limits the usefulness of the 
petrographic microscope for identifying phases and observing textures.  Electron 
microprobe analysis, including both point measurements and elemental mapping, and 
back-scattered electron (BSE) imaging are therefore valuable for distinguishing different 
types of carbonates in situ, observing fine-scale textural relationships between minerals, 
identifying accessory minerals, and determining the composition of the minerals in our 
samples.   
Accessory minerals in carbonate-veined serpentinites identified using the electron 
microprobe include chromian spinel, magnetite, hematite, goethite, olivine, diopside, 
enstatite, talc, quartz, ankerite, barite, gypsum, pyrite, and silver sulfide, as summarized 
in Table 1. Hydrated carbonates and brucite can be distinguished from their anhydrous 
counterparts (including magnesite) using the microprobe totals. Hydrated carbonate 
phases are not observed in any of our samples, and brucite is found at only a single point, 
in keeping with the likelihood of brucite breakdown to form magnesium carbonates via 
reactions such as Mg(OH)2 + CO2 = MgCO3 + H2O. Minor phases show signs of 
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disequilibrium.  For example, in isolated, small veins and vugs up to ~50 µm in size, 
some apparently late-forming calcite is found in contact with magnesite, which under 
equilibrium conditions should lead to the formation of dolomite.  Many studies have 
emphasized the role of magnetite in serpentinization (e.g., Hansen et al. 2005; Klein et al. 
2009), since serpentines generally accommodate less iron than their precursor silicate 
minerals (Trommsdorff and Evans 1972; Vance and Dungan 1977), making it possible in 
some cases to use magnetic susceptibility as an indicator of the extent of serpentinization 
(Toft et al. 1990; Hansen et al. 2005; Bach et al. 2006). In some of our samples, scattered 
magnetite grains are found with serpentine, but in most samples magnetite occurs only as 
rims on relict chromian spinels, if at all, and hematite is more common than magnetite, 
while other samples have essentially no iron oxides. Our data are consistent with the 
observation that hematite, rather than magnetite, is common in carbonate-altered 
peridotites worldwide (Eckstrand 1975; Frost 1985).  
The presence of minerals such as hematite and sulfates in many of our samples 
suggests that oxygen fugacity was relatively high, at least locally, despite the reducing 
nature of serpentinization reactions that commonly reduce H2O while oxidizing Fe2+ from 
olivine (Frost 1985). In some samples hematite and magnetite are present in the same thin 
section, implying buffering along redox reactions, localized heterogeneities in oxygen 
fugacity, or disequilibrium. 
A surprising assemblage observed in a few samples is coexisting serpentine + 
quartz.  In two samples, OM08-206A and OM08-206D, quartz makes up a large enough 
proportion of the rock to be identifiable by XRD (Figure 1). Small amounts of a pure 
silica phase were also detected by electron microprobe in a third serpentinite sample, 
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OM08-01. In OM08-206A and OM08-206D, microcrystalline quartz is found in the cores 
of mesh-texture serpentine in 5-10 mm wide, formerly pyroxene-rich bands that still 
contain relatively abundant relict pyroxene. ~30 volume % of these bands is composed of 
quartz. The bands are also evident in outcrop morphology and comprise ~10 volume % of 
the outcrop. 
Although the silica appears isotropic in thin section, XRD spectra of OM08-206A 
and OM08-206D show the silica phase to be quartz, and not opal or amorphous silica.  
Unlike some silica reported in weathered and silicified serpentinites elsewhere (O'Hanley 
1996; Tsikouras et al. 2006; Boschi et al. 2009), the texture of coexisting serpentine and 
quartz in our samples is similar to serpentine mesh texture. Boschi et al. (2009) report 
chalcedony rimming carbonates, which in turn surround serpentine relicts, without direct 
contact between chalcedony and serpentine. Tsikouras et al. (2006) report 
microcrystalline quartz surrounding relict serpentine.  In our quartz-bearing serpentinite 
samples, serpentine forms a meshwork that surrounds cores of quartz (Figure 2), whereas 
in a typical mesh serpentine the mesh centers are composed of relict olivine or late-
forming serpentine that statically replaces olivine (O'Hanley 1996). Beinlich et al. (2010) 
report a similar occurrence of quartz filling mesh cells defined by serpentine veins, 
formed during low temperature, near-surface weathering of ultramafic clasts in a 
sedimentary basin.  
Carbonate-free, partially serpentinized peridotite found at the same location as our 
quartz-bearing serpentinite has a similar mesh texture with serpentine surrounding 
olivine, as well as surrounding epoxy-filled holes in the thin section. However, the 
serpentine meshwork surrounding quartz commonly includes a layer of more iron-rich 
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serpentine rims surrounding the quartz cores, whereas the serpentine mesh surrounding 
olivine or epoxy-filled holes does not. The cryptocrystalline quartz is commonly very 
finely inter-grown with sub-micron-sized iron compounds, which results in up to 25 wt% 
FeO* in some mixed analyses.  Aside from this variable iron component, microprobe 
analyses show that quartz regions are nearly pure SiO2 and cannot be confused with the 
soda lime glass slides on which the thin sections are mounted (Table 2).  Although 
serpentine + quartz is unstable under typical metamorphic conditions with respect to 
serpentine + talc or talc + quartz (Evans and Guggenheim 1988), the low temperatures of 
ongoing serpentinization in Oman could allow this assemblage to coexist stably, as 
discussed below.  
3.2 Iron in serpentine 
 Average serpentine compositions for each sample are reported in Table 3, and a 
complete table of all electron microprobe analyses of serpentine can be found in Online 
Resource 2. Serpentine in our carbonated serpentinite samples from Oman is, on average, 
slightly more iron-rich than lizardite from serpentinized mantle peridotites compiled from 
the literature by Evans et al. (2009), and the serpentine in our quartz-bearing samples is 
significantly more iron-rich, as shown in Figure 3.  Lizardite analyses from the literature 
have an average XFe = molar Fe/[molar Fe + Mg] of 5.7%, serpentines in our quartz-free 
serpentinite samples have an average XFe of 6.3%, and serpentines in our samples 
containing coexisting serpentine + quartz have an average XFe of 10.1%.  The iron 
content of much of the serpentine in our samples, particularly serpentine coexisting with 
quartz, exceeds the iron content of the relict olivine (XFe ~9.0%) and pyroxene (XFe 
~8.1%) found in these samples and elsewhere in the ophiolite (Hanghoj et al. 2010). 
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Variation in serpentine composition across the boundaries between serpentine and quartz 
is evident in WDS elemental maps of Fe (Figure 4), with serpentine forming Fe-rich rims 
around quartz containing fine-grained Fe-compounds.  
Projection of our serpentine microprobe analyses onto a molar MgO-SiO2-FeO 
ternary diagram (Figure 5), reveals that, in addition to higher than normal Fe-content, 
several of our serpentine analyses are also anomalously silica-rich.  This may be due to 
the presence of talc inter-layers within the serpentine structure (Veblen and Buseck 
1979).  Fe substitution and/or the presence of talc interlayers may stabilize serpentine 
relative to talc, and may help explain why end-member talc is so rarely observed in our 
samples. 
Many studies model iron substitution in serpentine as if all iron in serpentine is 
Fe(II) on M sites to produce !"!!!!"!!!!!"!! (e.g., Frost and Beard 2007; McCollom 
and Bach 2009), but significant Fe(III) substitution is also possible (Wicks and Plant 
1979; O'Hanley and Dyar 1993; Klein et al. 2009) and perhaps is dominant in many 
lizardites (Evans 2008, 2010; Evans et al. 2009).  Evans (2008) emphasized the 
importance of ferric iron substitution in serpentine, primarily in the form of a ferri-
Tschermak substitution, as proposed by Wicks and Plant (1979), where Fe3+ substitutes 
on both M sites and T sites to form a cronstedtite component of serpentine, producing an 
end-member serpentine with the stoichiometry (Mg2Fe
3+)(Fe3+Si)O5(OH)4.  In some 
cases ferric iron may substitute only on the M site, charge balanced by M site vacancies, 
yielding an end-member ferrian serpentine with the formula :  Fe2
3+ Si2O5 OH 4 
(Wicks and Plant 1979; Evans 2008; Evans et al. 2009). Comparison of the compositions 
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of serpentine from our samples with these end-members (Figure 5), suggests that all three 
substitution mechanisms may be present in our serpentines. 
Regardless of the particular iron substitution mechanism in serpentine, the 
reaction of magnetite with water and aqueous silica to produce an Fe component of 
serpentine will be favored at lower temperatures because the reaction involves a net 
consumption of volatiles (given nearly constant pressure in the near-surface alteration 
environment). For example, 
R1      Fe2+Fe23+O4 +  2 SiO2 aq +  H2O + H2 aq = Fe32+Si2O5(OH)4
              magnetite                                                   ferroan lizardite
   
R2     2 Fe2+Fe23+O4 + 6 SiO2 aq + 7 H2O  =  3 :  Fe2
3+ Si2O5 OH 4 + H2 aq
                magnetite                                      vacancy-coupled Fe3+lizardite    
 
  R3      4 Fe
2+Fe23+O4 +  3 SiO2 aq+  5 H2O + H2 aq = 3 (Fe2
2+Fe3+)(Fe3+Si)O5(OH)4 
                 magnetite                                                             cronstedtite          
   
The source of aqueous SiO2 in these reactions can be understood as the result of 
incongruent carbonation of silicates, e.g., olivine, serpentine, pyroxene, or talc + CO2 = 
magnesite + SiO2aq. The observation that the formation of iron-rich serpentine should be 
favored at lower temperatures is borne out in geochemical reaction path models by Klein 
et al. (2009), which calculate decreasing magnetite and increasing iron in serpentine with 
decreasing temperature.   
 The samples containing abundant quartz + serpentine also have the lowest bulk 
rock Mg#’s of our samples (87.2 for OM08-206A and 82.7 for OM08-206D), slightly 
lower than in typical Oman mantle peridotite, while relict clinopyroxenes in these 
samples have typical mantle Mg#’s of 91-93. The low bulk rock Mg# is probably due to 
small amounts of Mg-extraction during alteration (e.g., Snow and Dick 1995). Even so, 
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the average Fe-content of serpentine in these samples (XFe ~11%) is still higher than 
would be predicted (XFe ~6%) for antigorite serpentine in Fe/Mg exchange equilibrium 
with Mg# 82-87 olivine (Trommsdorff and Evans 1972). We infer that the high Fe 
content of serpentine in these samples is due mainly to low temperature reactions 
consuming Fe-oxides (e.g., reactions R1-R3), and not to the slightly Fe-rich bulk 
compositions. 
3.3 Stability of coexisting serpentine + quartz at low temperatures 
 T-X diagrams for end-member reactions in the system MgO-SiO2-H2O-CO2 were 
calculated at constant pressure using THERMOCALC (Holland and Powell 1998).  
Thermodynamic data are not available for lizardite, and chrysotile and lizardite have very 
similar free energy (Evans 2004), so the stability of both phases is modeled using 
thermodynamic data for chrysotile.  Calculations were done under fluid saturated 
conditions to produce T-X diagrams for Mg-end-member magnesite (mgs), chrysotile 
(chr), talc (ta), and quartz (q), at a variety of near-surface pressures and mineral activities.   
For pure Mg-end-members (unit activities of Mg-components in all minerals), the 
isobaric invariant point involving magnesite, chrysotile, talc, quartz, and fluid is 
predicted to be at 15°C, which is slightly lower than observed ground- and surface-water 
temperatures of 17-40°C in Oman (Neal and Stanger 1985; Matter 2001, 2005; Dewandel 
et al. 2005; our unpublished data).  Increasing pressure does not have a significant effect 
on the temperature of the invariant point, but shifts it to lower values of XCO2, from 
log(XCO2) of -5.06 at 3.5 bars to -6.6 at 1kbar. T-XCO2 phase relations for magnesite, 
chrysotile, talc, and quartz with unit activities are plotted at 5 bars pressure in Figure 6. 
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The temperature of the invariant point on the T-XCO2 plot is controlled mainly by 
the reaction chrysotile + 2 quartz = talc + H2O, which is not sensitive to XCO2 over the 
range considered. THERMOCALC output reports the uncertainty of the temperature of 
this reaction as ± 4°C (one sigma). However, the THERMOCALC database also lists 
uncertainties for the standard enthalpies of each mineral. If the standard enthalpies are 
allowed to vary by two standard deviations, the temperature of this reaction for pure end-
members at 1 bar can be as low as -33°C or as high as 65°C. Note that these extreme 
bounds arise via taking the 2 sigma high values of enthalpy for reactants (4% probability) 
and the 2 sigma low values for products (also 4% probability), or vice versa. Thus, the 
resulting temperature extremes lie well outside 2 sigma bounds for the reaction 
temperature. Using other internally-consistent thermodynamic databases further 
illustrates the uncertainty associated with these calculations; using the thermodynamic 
data of Gottschalk (1997) yields a temperature of 46°C, while using that of Berman 
(1988) yields a temperature of 37°C, not only illustrating the uncertainty associated with 
choosing a thermodynamic database, but also suggesting that the temperatures calculated 
by THERMOCALC may be low.  
Additionally, the single parameter activity model used by THERMOCALC for 
H2O-CO2 activity is calibrated over the PT range of 0.5–20 kbar, 400–1,000 °C, and is 
likely to be imprecise near the solvus involving immiscible H2O- and CO2-rich fluids 
(Holland and Powell 2003). Applying THERMOCALC to our low-pressure, low-
temperature system is thus an approximation that will become less accurate near the 
solvus. For calculations at pressures greater than 3.5 bars, serpentine + quartz are 
predicted to be stable when XCO2 in fluid is more than one order of magnitude lower than 
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the solubility limit of CO2 in aqueous fluid (Duan and Sun 2003). Even so, because the 
non-ideal behavior of H2O-CO2 fluids at these low temperatures and pressures may not 
be well fit by the activity model used in THERMOCALC, the results of our 
thermodynamic calculations in this section should be viewed as illustrative, rather than 
fully quantitative. 
Serpentine accommodates more iron than does talc (Trommsdorff and Evans 
1972), and thus adding FeO to MgO-SiO2-H2O-CO2 stabilizes serpentine with respect to 
talc. A T-X diagram for magnesite-chrysotile-talc-quartz was calculated with reduced 
activities for chrysotile and talc based on an ideal mixing-on-sites model (Spear 1993). 
Magnesite in our serpentinite samples contains very little iron (less than 0.5 wt% on 
average), so magnesite was modeled with unit activity.  The average Mg# of our (limited 
number of) of talc analyses was about 95.5, which is approximately consistent with Fe 
partitioning between talc and antigorite observed by Trommsdorff and Evans (1972). A 
fit to their data predicts an Mg# of 96.4 for talc when antigorite has an Mg# of 92.8, the 
average Mg# of serpentine in our single talc-bearing sample, OM07-28A.  We therefore 
used the fit of Trommsdorff and Evans (1972) to predict the Mg# of talc that could 
coexist with our higher-Fe serpentine.  While iron is the most abundant element 
substituting into serpentine and talc, the concentrations of aluminum and chromium 
present in these minerals are also considered in the activity model.  Serpentine in quartz-
bearing samples has an average Mg# of 89.9 and an average chrysotile activity of 0.710.  
Based on the partitioning data of Trommsdorff and Evans (1972), talc in Fe/Mg exchange 
equilibrium with this serpentine should have an Mg# of 94.9, giving an Mg-end-member 
talc activity of 0.856.  When the T-X phase diagram is recalculated with these reduced 
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activities, the invariant point is predicted by THERMOCALC to be at 19°C. While this 
temperature is no doubt imprecise, it does reflect the fact that preferential Fe, Al and Cr 
substitution into serpentine will raise the temperature of the invariant point, compared to 
the MgO-SiO2-H2O-CO2 system. An average composition of the three most iron-rich 
serpentine analyses in our samples yields a chrysotile activity of 0.236 and a theoretical 
talc activity of 0.474, which places the calculated invariant point at a temperature of 
28°C.  The location of the calculated invariant point for the range of chrysotile activities 
observed in our samples is plotted for pressures between 3.5 bars and 1 kbar in Figure 7.   
Again, because the H2O-CO2 fluid model used in THERMOCALC is uncertain at 
low temperature and pressure, and because different methods of fitting and extrapolating 
the available thermodynamic data result in invariant point temperatures that vary by more 
than 30°C, the calculated temperatures reported in this section should be viewed as 
approximate. However, they demonstrate that serpentine + quartz could be stable during 
near-surface weathering of Oman peridotite. Also, even if talc were stable with respect to 
serpentine + quartz at, e.g., 30°C and 50 bars, these calculations demonstrate that the 
thermodynamic driving force for talc crystallization would be very low under these 
conditions, and this could enhance kinetic inhibition of talc formation. 
3.4 Clumped isotope thermometry in carbonate veins 
Results of clumped isotope analysis of carbonate veins in serpentinized peridotite 
from the Oman ophiolite are presented in Table 4, including: the CO2 clumped isotope 
index "47 (a measure of the enrichment in mass 47 isotopologues relative to a stochastic 
composition); temperature corresponding to the "47 value (based on calibration of the 
relationship between carbonate growth temperature and the "47 value of CO2 extracted 
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from carbonate by phosphoric acid dissolution); bulk isotopic composition of extracted 
CO2 in terms of !13C and !18O; the calculated bulk !18O of the carbonate mineral (i.e., 
correcting for the acid dissolution fractionation); and the calculated !18O of water in 
equilibrium with the carbonate at the calculated clumped isotope temperature. Clumped 
isotope temperatures range from 23°C to 43°C, placing all samples within error of the 
observed temperatures of shallow groundwater and surface water in Oman, ~17-40°C 
(Neal and Stanger 1985; Matter 2001, 2005; Dewandel et al. 2005; our unpublished data).  
!13C ranges from -11.4‰ to 0.3‰ (V-PDB), and !18O of the carbonates range from 
26.4‰ to 38.8‰ (VSMOW). We believe the !18O data for magnesite presented here are 
more accurate than those presented in Kelemen et al. (2011), as those were derived from 
magnesite reacted for only 10 minutes at 70°C, so that much of the CO2 could have been 
produced by dissolution of dolomite rather than magnesite. !18O values of water 
calculated to be in equilibrium with the carbonate at the measured clumped isotope 
temperature range from -7.7‰ to 8.0‰ (VSMOW), with the majority of samples falling 
within error of the -2.1‰ to 3.6‰ (VSMOW) range of !18O observed in Oman 
groundwater (Neal and Stanger 1985; Clark et al. 1992; Matter 2005; J. Matter, pers. 
comm. 2012), as shown in Figure 8.  
4. Discussion 
 The observation of high Fe content in serpentines and the coexistence of 
serpentine and quartz are consistent with low-temperature serpentinization. This supports 
the hypothesis that serpentine in our samples formed at lower temperatures than most 
lizardite and chrysotile whose compositions are published. Oxygen isotope fractionation 
between serpentine and magnetite in drilled and dredged samples of seafloor outcrops 
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suggests serpentinization occurred at temperatures of ~130-400°C (Wenner and Taylor 
1971; Früh-Green et al. 1996; Barnes et al. 2009). Continental lizardites and chrysotiles 
yield serpentine-magnetite temperatures above 85°C (Wenner and Taylor 1971).   
Johannes (1969) placed the reaction serpentine + 2 quartz = talc + H2O at ~300°C 
at 2 kbar for Mg-end-member minerals. However, the experiments to determine the 
equilibrium conditions for this reaction were unsuccessful in that study, and serpentinite 
is observed to have altered to talc during formation of listvenite at temperatures less than 
300°C (e.g., Hansen et al. 2005). Tsikouras et al. (2006) attributed the coexistence of 
serpentine + quartz in their samples to Mg loss to an extremely CO2-rich fluid at 
temperatures below 500°C, via the reaction chrysotile = 2 SiO2 + 3 MgO(aq) + 2 H2O, 
but our calculations suggest that serpentine + quartz is unstable at all XCO2 above ~ 50°C. 
This low-temperature interpretation is also consistent with the formation of mesh-texture 
serpentine + quartz during surface and near-surface weathering of ultramafic clasts, as 
reported by Beinlich et al. (2010). Our calculations show that serpentine coexists stably 
with quartz at low temperatures, from a calculated temperature of ~15 to 46°C for Mg 
end-members, extending to slightly higher temperatures for bulk compositions containing 
iron, in which Fe partitions preferentially into serpentine rather than talc. Thus the 
presence of serpentine + quartz supports the hypothesis that serpentinization is ongoing 
in the Samail ophiolite in Oman, in a low-temperature weathering horizon (Neal and 
Stanger 1985; Barnes and O'Neil 1969; Bruni et al. 2002; Kelemen and Matter 2008; 
Kelemen et al. 2011).   
The low temperatures required for serpentine + quartz stability are within the 
range of carbonate crystallization temperatures derived from conventional carbonate-
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water oxygen isotope thermometry and clumped stable isotope thermometry, and of 
observed groundwater temperatures in Oman. Clumped isotope thermometry yields 
carbonate crystallization temperatures of 23-43°C (Fig. 8), consistent with the observed 
temperatures of shallow groundwater and surface water in Oman, ~17-40°C (Neal and 
Stanger 1985; Matter 2001, 2005; Dewandel et al. 2005; our unpublished data). Similarly, 
Kelemen et al. (2011) used observed !18O in monomineralic magnesite and calcite 
samples, together with the observed range of !18O in Oman ground water and spring 
water and the water-carbonate oxygen isotope thermometer of Chacko and Deines (2008) 
to determine crystallization temperatures of 23-60°C. This is consistent with our 
observation that calculated values of !18O for water in equilibrium with carbonate are 
mostly consistent with the observed modern range of -2.1 to 3.6‰ (VSMOW) in 
groundwater, surface waters, and alkaline springs in peridotite catchments in Oman (Neal 
and Stanger 1985; Clark et al. 1992; Matter 2005; J. Matter, pers. comm. 2012).  The 
agreement of carbonate stable isotope data with temperatures and !18O values in modern 
groundwater demonstrates that alteration in the form of carbonate vein precipitation in 
peridotite occurred under conditions similar to those in the modern environment. 
Together with geochemical trends in groundwater (Barnes and O'Neil 1969; Neal and 
Stanger 1985; Bruni et al. 2002; Kelemen and Matter 2008; Paukert et al. 2012), this 
suggests that carbonation and serpentinization may be occurring simultaneously via 
reactions between modern groundwater and peridotite, as proposed by Kelemen and 
Matter (2008) and Barnes and O’Neil (1969). 
The range of fluid XCO2 within the serpentine + quartz stability field is also 
consistent with observed groundwater compositions in the Samail Ophiolite, which range 
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from a mole fraction of ~10-3.5 in neutral to slightly alkaline groundwater to below 
detection limits (less than 10-5) in alkaline springs (Neal and Stanger 1985; Matter 2001, 
2005; Dewandel et al. 2005; E. Shock, pers. comm., 2011).  Groundwater at the high 
XCO2 end of this range would be too CO2-rich for serpentine + quartz to coexist stably 
according to our calculations. However, the presence of calcite in our quartz-bearing 
serpentinites, together with the observation that calcite veins in serpentine are abundant 
in the vicinity of alkaline springs, suggests that alteration occurred in the presence of Ca-
OH- type waters, which have exceptionally low dissolved CO2 contents in peridotite 
catchments worldwide (Barnes and O'Neil 1969; Barnes et al. 1978; Bruni et al. 2002; 
Kelemen and Matter 2008). Thus, these samples were likely subject to alteration under 
conditions of low fluid CO2 concentrations, favorable for serpentine + quartz stability.  
 It is likely that serpentinization of peridotite in Oman began during hydrothermal 
alteration of shallow suboceanic mantle prior to obduction (Boudier et al. 2010). Some of 
this may have occurred at higher temperatures, in the ~130-400°C range inferred from 
!18O in ocean-floor serpentinites (e.g., Wenner and Taylor 1971; Früh-Green et al. 1996; 
Barnes et al. 2009). This initial, oceanic serpentinization may have yielded Fe-poor 
serpentine and magnetite, as is observed in a partially serpentinized peridotite sample 
(OM08-206I), collected at the same location as samples with serpentine + quartz.  During 
later alteration at lower temperature, early magnetite may have been consumed to form 
more Fe-rich serpentine as in reactions R1-R3 in Section 3.2.  Much of the Fe-rich 
serpentine we observe could represent re-equilibration of the products of previous 
serpentinization rather than direct serpentinization of olivine, particularly where 
serpentine is locally more Fe-rich than the initial olivine in the peridotite.  
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Elevated silica activity may favor the formation of iron-rich serpentine (Frost and 
Beard 2007), as in reactions R1-3, thus indirectly stabilizing the serpentine + quartz 
assemblage. If the initial peridotite is harzburgite or lherzolite rather than dunite, the 
presence of pyroxene will shift the bulk composition towards silica.  We infer that 
clinopyroxene dissolution is occurring during present-day serpentinization of peridotite 
due to the generation of Ca-OH fluid (Barnes and O'Neil 1969; Neal and Stanger 1985; 
Bruni et al. 2002).  In the samples where we see coexisting serpentine + quartz, calcite is 
the most abundant carbonate phase, and relict clinopyroxenes are observed. Centimeter-
scale pyroxene-rich bands comprise ~10% of the outcrop where serpentine + quartz 
assemblage and found, and quartz is restricted to these bands. Small-scale heterogeneities 
in fluid composition due to pyroxene dissolution may shift the silica activity to higher 
values, locally stabilizing Fe-rich serpentine and thereby expanding the stability of 
serpentine + quartz. 
Precipitation of magnesite and dolomite veins could also introduce 
heterogeneities that would favor the local formation of Fe-rich serpentine in some areas. 
Serpentine is more silica-rich than olivine, so during alteration of olivine alone without 
SiO2 mass transfer, it must coexist with a less silica-rich Mg phase, such as magnesite, 
dolomite, or brucite e.g., 
R4      2 Mg2SiO4 + 2 H2O + CO2 = Mg3Si2O5(OH)4 + MgCO3
                 forsterite                               serpentine           magnesite
!  
Higher concentrations of CO2 favor additional magnesium carbonate 
precipitation, thereby raising the silica activity of the fluid.  In Oman, dense networks of 
magnesite veins constitute large volume proportions in serpentinized peridotite at meter 
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scales, indicating that silica activity was elevated, at least locally. Additionally, 
magnesium dissolution and removal during alteration (e.g., Snow & Dick, 1995) may 
have produced slightly lower bulk Mg# in the quartz-bearing samples, compared to 
typical Oman mantle peridotite. Both lower bulk Mg# and elevated silica could favor the 
formation of Fe-rich serpentine, and as a result, stabilize the serpentine + quartz 
assemblage. However, as discussed in Section 3.3 above, the main factor leading to the 
absence of talc in our samples is low temperature, stabilizing serpentine + quartz even in 
MgO-SiO2-H2O-CO2, and leading to reactions producing Fe-rich serpentine from 
magnetite + Fe-poor serpentine. 
5. Conclusions  
Some samples of serpentinized peridotite in the Oman ophiolite contain the 
unusual assemblage, serpentine + quartz, instead of talc. Phase equilibrium calculations 
suggest that this assemblage is stable at low temperature, below approximately 15 to 
46°C in an Fe-free system depending on the thermodynamic data used. Consistent with 
this low inferred temperature, clumped isotope analyses of carbonate veins minerals in 
these and other, similar samples yield temperature estimates of 15 to 50°C. Serpentine in 
serpentinized peridotite with carbonate veins in the Oman Ophiolite is relatively Fe-rich 
in comparison with other serpentinites. The formation of high-Fe serpentine rather than 
magnetite is favored at low temperatures, at a given pressure, and at high silica activities. 
Thus the presence of Fe-rich serpentine is another indicator of low-temperature alteration. 
Also, because Fe partitions into serpentine relative to talc, relatively high Fe content can 
help to stabilize serpentine + quartz. Temperatures and oxygen isotope compositions of 
fluids, inferred from phase equilibria and clumped isotope data, are consistent with the 
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range measured in groundwater and alkaline spring water in peridotite catchments in 
Oman.  These data all support the hypothesis that serpentinization and carbonation of 
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Online Resource 1 Electron microprobe calibration setup for serpentine analysis 
Online Resource 2 All electron microprobe analyses of serpentine in our Oman 
serpentinites and antigorite standard BM66586. Analyses have been corrected based on 
repeat analyses of the antigorite standard, as in Online Resource 1. Points close to the 
edge of serpentine grains that appear to include mixed analyses with Fe-oxides or 
carbonates, points with totals <73%, and points with >0.3 Al atoms per formula unit 
(most likely chlorite) have been excluded. 
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         Table 2 Select electron microprobe analyses of quartz in  
          Oman serpentinites compared to thin section slide glass 
Sample Slide glass OM08-206A OM08-206D 2! 
wt%           
SiO2 72.2 96.6 99.7 97.9 97.4 0.4 
TiO2 -- 0.00 0.00 0.00 0.01 0.06 
Al2O3 1.20 0.02 0.00 0.02 0.00 0.02 
FeO* 0.03 3.1 0.3 1.6 2.1 0.1 
MgO  4.3 0.1 0.0 0.1 0.1 0.2 
MnO -- 0.00 0.03 0.02 0.00 0.03 
CaO 6.4 0.0 0.0 0.0 0.0 0.4 
Na2O 14.30 0.02 0.01 0.04 0.01 0.09 
K2O 1.20 0.03 0.02 0.01 0.01 0.01 
Cr2O3 -- 0.13 0.00 0.00 0.02 0.04 
NiO -- 0.01 0.02 0.02 0.01 0.06 
SO3 0.03 -- -- -- --   




























































































































   
   




   
   




   
   




   
   




   
   




   
   




   
   




   
   




   
   
































































































































   
   




   
   




   
   




   
   




   
   




   
   




   
   




   
   




   
   


































































































   
   




   
   




   
   




   
   




   
   




   
   




   
   




   
   




   
   





























































































































































   
   




   
   




   
   




   
   




   
   




   
   




   
   




   
   




   
   
































































































































   
   




   
   




   
   




   
   




   
   




   
   




   
   




   
   




   
   


































































































   
   




   
   




   
   




   
   




   
   




   
   




   
   




   
   




   
   







































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Fig. 1 XRD spectrum of quartz-bearing carbonate-veined serpentinized peridotite sample 
OM08-206D compared to XRD spectra for lizardite (RRUFFID=R060006), calcite 
(RRUFFID=R040070), and quartz (RRUFFID=R040031) from the RRUFF database, 
(Downs 2006), Cu-K! X-ray radiation. Axes are intensity (counts) vs. degrees 2-theta 
  






















Fig. 2 Back-scattered electron image showing serpentine (dark grey), coexisting with 
quartz (light grey “islands”) in (a) sample OM08-206A and (b) OM08-206D.  The lighter 
grey veins in both images are calcite.  Calcite is also found along with quartz in some of 
the cores of the mesh texture in OM08-206A 
 
  








Fig. 3 Frequency histogram of total mol% Fe/[Fe + Mg] contents in serpentine from our 
quartz-bearing serpentinite (red, n= 96 analyses), our quartz-free carbonated serpentinite 
(blue, n=486 analyses), and lizardites from the literature (black, n=503 analyses) (Evans 


































Fig. 4  WDS element map of Fe content in coexisting serpentine + quartz in sample 
OM08-206D.  Strands of Fe-rich material (very light grey and white) are distributed 
within the quartz regions (black), concentrated at the edge of the quartz “mesh centers.”  
Although the serpentine (grey) throughout these samples containing coexisting serpentine 
+ quartz is already more Fe-rich than serpentine in other samples of carbonated 
serpentinites from Oman, the mesh serpentine surrounding these quartz regions forms 
even more Fe-rich rims (light grey) around the quartz mesh centers 







Fig. 5  Projection of all serpentine data and compositions of forsterite, talc, and 
serpentine end-members onto a ternary MgO-SiO2-FeO diagram (molar proportions). Red 
crosses represent serpentine from samples that contain coexisting serpentine and quartz 
(OM08-206A, OM08-206D, OM08-01).  The size of the circles representing these data 
approximates the uncertainty in these measurements, given as the 2! of repeated 
measurements of antigorite standard BM66586 analyzed as unknown using the same 
calibrations used to analyze serpentine in our samples. 
All serpentine samples



































Fig. 6  T-X diagram of the phase relations between pure (activity =1) Mg end-member 
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Fig. 7 Location of the invariant point for magnesite-chrysotile-talc-quartz calculated in 
THERMOCALC at pressures of 3.5, 10, 100 and 1000 bars, for chrysotile and talc 
activities  corresponding to Fe-contents ranging from pure Mg end-members to our most 
Fe-rich serpentines (A through D). Talc activity was calculated from the predicted Mg# 
of talc coexisting with serpentine of a given Mg# based on the data of Trommsdorff and 
Evans (1972).   (A) unit activities for all mineral phases (pure Mg end-members); (B) 
chrysotile activity = 0.71, talc activity = 0.86, corresponds to the average composition of 
serpentine coexisting with quartz; (C) chrysotile activity = 0.51, talc activity = 0.72, 
corresponds to the twenty most Fe-rich analyses of serpentine;  D) chrysotile activity = 
0.24, talc activity = 0.47, corresponds to the three most Fe-rich analysis of serpentine. 
The water-rich limb of the CO2-H2O solvus, as calculated by Duan and Sun (2003) is 
plotted as dashed lines, showing that even at the low pressures considered (>3.5 bar), 
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Fig. 8  (a) Calculated !18O of water from which carbonates precipitated, versus clumped 
isotope temperatures of carbonate veins; blue circles = calcite, yellow diamonds = 
dolomite, vermillion triangles = magnesite. Dashed and dotted lines connect different 
minerals from the same sample. Error bars represent one standard error of the mean. The 
grey box showing the range of temperatures and !18O measured in modern groundwater 
in Oman (Neal and Stanger 1985; Clark et al. 1992; Matter 2005; our unpublished data), 
is consistent with most clumped isotope temperatures and calculated fluid oxygen isotope 
compositions. (b) Temperatures calculated by conventional oxygen isotope thermometry, 
representing a range of !18Owater from -2.1 to +3.6, versus clumped isotope temperatures; 
blue boxes = calcite, yellow boxes = dolomite, vermillion boxes = magnesite. Box width 
represents two standard errors of the mean of clumped isotope temperature 
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Chapter 3. Assessment of the clumped isotope paleothermometer for magnesite 
 
Abstract 
Clumped isotope thermometry provides a method of determining the temperature of 
formation of carbonate minerals independent of the isotopic composition of the fluid 
from which they formed, making it a valuable tool for studies of paleoclimate, diagenesis, 
and low-temperature metamorphism, among other applications. Carbonate clumped 
isotope geochemistry has been studied primarily in calcite, with a limited number of 
studies in dolomite and siderite. Here we test the reliability of the carbonate clumped 
isotope paleothermometer for natural and synthetic magnesite samples formed at known 
temperature ranging from ~5-600°C. A challenge of analyzing the clumped isotopic 
signature of magnesite is the relatively long reaction times required for dissolution of 
magnesite in phosphoric acid. We find that complete digestion of magnesite requires 
about 17 hrs at 90°C, making “online” reaction, collection, and measurement of CO2 
impractical, whereas “offline” reaction in sealed vessels requires additional corrections to 
be made to clumped and bulk isotopic data and introduces significant scatter in the data. 
With adequate measurement of carbonate standards and appropriate corrections, clumped 
isotopic data for magnesite formed at temperatures below a blocking temperature of 
~300°C are in good agreement with other calibration data on calcite and dolomite 
measured at the California Institute of Technology. At temperatures above 25°C, those 
calibration data agree with theoretical predictions and calcite calibration data measured at 
Harvard University but exhibit higher !47 values at low temperatures. 
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Introduction 
Carbonate clumped isotope thermometry is a relatively new paleothermometer based on 
the tendency of 13C and 18O to preferentially bond to each other with decreasing 
temperature. This “clumping” of heavy isotopes is quantified in terms of !47, a measure 
of the excess abundance of mass-47 CO2 (predominantly the doubly-substituted 
isotopologue 13C18O16O) evolved from acid dissolution of solid carbonate relative the 
abundance expected for a stochastic distribution in which the carbon and oxygen isotopes 




* -1 !1000  ‰ !  (1) 
 
where R47 is the measured ratio of mass-47 CO2 to mass 44 CO2 and R47* is same ratio 
for the stochastic distribution (Wang et al. 2004; Ghosh et al. 2006). The temperature 
dependence of !47 has been empirically calibrated for synthetic and natural inorganic 
and biogenic calcite (Ghosh et al. 2006; Ghosh et al. 2007; Came et al. 2007; Dennis and 
Schrag 2010; Tripati et al. 2010; Thiagarajan et al. 2011; Henkes et al. 2013; Grauel et al. 
2013), natural and synthetic dolomite (Ferry et al. 2011; M. Bonifacie, in prep.), and 
synthetic siderite (Fernandez et al. 2013), and predicted from first-principles theoretical 
models for calcite, aragonite, dolomite, magnesite, and witherite (Schauble et al. 2006; 
Guo et al. 2009). All of these calibration data and theoretical models agree within error 
for temperatures above ~20°C, but at lower temperatures, synthetic and biogenic calcite 
data from Caltech (Ghosh et al. 2006; Ghosh et al. 2007; Came et al. 2007; Tripati et al. 
2010; Thiagarajan et al. 2011) and the ETH Zurich (Grauel et al. 2013) exhibit higher 
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!47 values than calcite samples of similar temperature measured at Harvard University 
(Dennis and Schrag 2010) and Johns Hopkins University (Henkes et al. 2013). 
 Conventional oxygen isotope thermometry is based on the temperature 
dependence of heterogeneous isotope exchange reactions, e.g., 
CaC16O3 + H218O ! CaC18O16O2 + H216O, which requires knowledge of the oxygen 
isotopic composition of both the mineral and fluid phases. Clumped isotope thermometry 
is based on homogenous isotopic exchange reactions between isotopologues of a single 
phase, e.g., Ca13C16O3 + Ca12C18O16O2 ! Ca13C18O16O2 + Ca12C16O3, which are 
independent of the bulk isotopic composition of the mineral and the fluid from which it 
has precipitated. This feature of the clumped isotope paleothermometer makes it 
particularly appealing in geologic settings where there are limited constraints on the 
oxygen isotope composition of water and, furthermore, allows the "18O of the 
precipitating fluid to be calculated by applying conventional equilibrium carbonate-water 
oxygen isotope fractionations at clumped isotope-derived temperatures. Thus, the 
clumped isotope thermometer is a potentially valuable tool for constraining temperatures 
and the nature of precipitating fluids for studies of ancient marine environments, 
terrestrial paleoclimate, diagenesis, low-temperature metamorphism, extraterrestrial 
environments, and other environments. Application to higher temperature problems is 
limited to some extent by the 1/T2 dependence of the clumped isotope thermometer, 
resulting in increased relative temperature uncertainties with increasing temperatures, and 
in a more absolute sense by bond reordering due to diffusion at elevated temperatures, 
which results in apparent equilibrium temperatures of ~150-250°C for slowly cooled 
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calcite marbles and carbonatites (Ghosh et al. 2006; Dennis and Schrag 2010; Passey and 
Henkes 2012) and up to ~300°C for dolomite marbles (Ferry et al. 2011). 
 Magnesite occurs as strata-bound sedimentary deposits or ultramafic-hosted 
deposits, the origins of which remain uncertain (Pohl and Siegl 1986; Abu Jaber and 
Kimberley 1992). Temperatures of magnesite formation are often in question, as it is 
debated whether some ultramafic-hosted deposits formed in hydrothermal versus 
weathering environments. Low temperatures (~20-60°C) are calculated for oxygen 
isotope exchange between magnesite and observed surface water compositions, and these 
are consistent with 14C ages and low temperature mineral parageneses (e.g., Kelemen & 
Matter 2008; Kelemen et al. 2011; Streit et al. 2012), whereas direct precipitation of 
magnesite at low temperatures has only been achieved in a limited number of laboratory 
experiments (Deelman 1999; dos Anjos et al. 2011). Instead, most experiments on 
solutions super-saturated in magnesite yield hydrated magnesium carbonates (e.g., 
Hänchen et al. 2008).  
It is unclear whether large strata-bound magnesite deposits, which were common 
during the Precambrian but lack true analogs today, formed by direct precipitation in a 
marine environment, precipitation from hydrothermal-magmatic fluids, or metasomatic 
replacement of carbonate (Pohl and Siegl 1986; Aharon 1988; Frank and Fielding 2003). 
Magnesite has also been detected in extraterrestrial environments, including 
carbonaceous chondrites, the Martian meteor ALH84001, and the planet Mars itself 
(Endress and Bischoff 1996; Lee et al. 2012; Eiler et al. 2002; Ehlmann et al. 2008).  
In most of the settings in which magnesite is found, formation temperatures have 
been debated and constraints on fluid isotopic compositions are lacking, making clumped 
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isotope thermometry an attractive method to address the continuing uncertainties. 
Clumped isotope thermometry has been applied to Fe-rich magnesites in CI chondrites 
and ALH84001 (Guo 2008; Halevy et al. 2011) and to ultramafic-hosted magnesite veins 
(Streit et al. 2012), but the reliability of calcite-based empirical calibrations or first-
principles theoretical calibrations for magnesite has not been assessed. Here we present 
clumped isotope measurements natural and synthetic magnesite samples formed at known 
temperature ranging from ~5-600°C. 
 
Methods 
Magnesite samples with known precipitation temperatures 
 Because direct precipitation of magnesite is difficult to attain in laboratory 
experiments, most of the synthetic magnesite samples we analyzed were precipitated at 
temperatures of 120-250°C. Eric Oelkers provided us with four magnesite samples 
synthesized at the Laboratoire Géosciences Environnement Toulouse (GET) at 
temperatures of 150, 200, and 250 ± 0.5 °C as described in Saldi et al. (2010) and Saldi et 
al. (2012). XRD and granulometry measurements performed at GET indicate that these 
samples are pure magnesite with an average grain size <20µm (Q. Gautier, pers. comm. 
2011). Marco Mazzotti of ETH provided us with magnesite sample ht-5 from Hänchen et 
al. (2008), synthesized at 120°C, the purity of which was verified  by Raman 
spectroscopy and XRD during and immediately following its precipitation. J.C. Deelman 
provided us with a magnesium carbonate sample precipitated 40°C (Deelman 1999). 
However, XRD analysis of this sample at Lamont-Doherty Earth Observatory indicated 
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that minor amounts of calcite and dolomite are also present in this sample and the major 
peaks occurred at slightly lower 2! than is expected for end-member magnesite. 
 Natural magnesite samples were provided to us by Greg Dipple of the University 
of British Columbia and John Ferry of Johns Hopkins University. The lowest temperature 
magnesites we analyze are two fine-grained, disaggregated samples from near-surface, 
modern playa deposits in Atlin, British Columbia. Magnesite precipitation temperatures 
are inferred to be ~5-10°C based on summer sub-surface temperature profiles (G. Dipple, 
pers. comm., 2011).  It also remains possible that temperatures could be lower—less than 
0°C—with magnesite precipitation caused by supersaturation in residual fluids during 
freezing, though !"#$%&'(&)*#+&#,$(&#+(-$.-*%&'(+&-&(/*00$/-(-1&-("/(*#'"2$'3(456(7"88'$9(8$%/6(,:!!69(;<==>. Because magnesite in these playas co-precipitates with 
hydromagnesite, these samples were reacted with 10% HCl for 24 hrs to remove 
hydromagnesite (Power et al. 2009; I. Power, pers. comm. 2012). Greg Dipple also 
provided us with a quartz-magnesite sample from a listvenite (magnesite + quartz) body 
in Atlin, British Columbia, described by Hansen et al. (2005), whose temperature of 
formation was constrained to be in the range of 210-180°C by fluid inclusion analysis 
(Andrew 1985). Magnesite-bearing metaperidotite from Val d’Efra, Switzerland, formed 
during Barrovian regional metamorphism at temperatures of 645 ± 10°C (Ferry et al. 
2005), offers the possibility of estimating clumped isotope closure temperatures in slowly 
cooled magnesites.  
 
Sample preparation and phosphoric acid digestion 
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 Samples were analyzed over two sessions, in 2011 and 2012, at California 
Institute of Technology. Rock samples were crushed using a mortar and pestle and sieved 
to separate a 150-250 µm grain-size fraction. All samples were rinsed with ethyl alcohol 
and dried overnight in an oven at 40°C to remove water. To determine an appropriate 
reaction time for phosphoric acid digestion, OM10-03, a listvenite sample from Oman 
composed primarily of magnesite (69 wt%), quartz (26 wt%), and iron oxides (3 wt%) 
with no other carbonate minerals present (only 0.37 wt% CaO by XRF in bulk sample), 
was reacted with 100% phosphoric acid for up to 18 hours, while pressure increase due to 
evolved CO2 was recorded as a measure of reaction progress. Three ~16 g aliquots of 
OM10-03 were reacted in sealed two-legged reaction vessels maintained at 90 ± 1°C in a 
water bath for 5.8, 15, and 18 hrs. Reaction vessels were pumped down under vacuum for 
2-3 hours, then thermally equilibrated with the water bath for at least 1 hour before 
reacting. Another aliquot was reacted in a stirred reaction apparatus that allowed 
continuous cryogenic trapping of evolved CO2 during phosphoric acid digestion at 90 ± 
0.1°C (see extraction methods of Halevy et al. (2011)). Trapped CO2 was thawed 
periodically to record the pressure over the course of ~7 hrs. Reaction progress as a 
function of time is plotted in Figure 1. A reaction time of 17 hours in sealed reaction 
vessels was chosen for all further magnesite digestions on the basis that over 90% of the 
magnesite should be reacted by this time.  
Although continuous trapping of CO2 would be preferable, as it minimizes the 
possibility of bond re-ordering among the CO2 molecules before measurement, reacting 
each sample individually for 17 hours in an apparatus connected to a glass vacuum line 
would be impractical for analyzing a large number of samples. To account for the effects 
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of an “offline” reaction procedure on the clumped isotope signal, two calcite standards 
(Carrara marble and TV-01 travertine) were analyzed. “Online” standards were reacted 
using the automated online extraction system described in Passey et al. (2010), wherein 
samples are reacted for 20 minutes in a common acid bath maintained at 90°C with 
continuous cryogenic trapping of evolved CO2 followed by further cryogenic and GC 
purification .  “Offline” standards and magnesite samples were reacted in sealed vessels 
for 17 hrs at 90°C as described above. Following offline reaction, evolved CO2 was 
cryogenically trapped with liquid nitrogen and purified by passing through a trap 
immersed in a slush of ethanol and dry ice to remove water as described in Ghosh et al. 
(2006). This cleaning step was performed three times before CO2 was collected in glass 
break seals to be introduced on the heated gas port of the online system for further 
purification and introduction to the mass spectrometer. For magnesite samples that were 
potentially contaminated with calcite or dolomite, CO2 evolved in the first 20 minutes of 
reaction was discarded. However, sample M223, the low temperature synthetic sample 
from Deelman (1999), reached almost complete digestion in this initial dissolution step, 
so it was instead reacted with 10% HCl at room temperature for <1 min, rinsed with DI 
water then with ethanol, and allowed to dry in an oven at 40°C overnight before being 
analyzed via the online system. Results from analysis of this sample are reported here, 
but it is not considered to be a true magnesite sample. 
 
Isotopic analysis 
 Isotopic data were collected on a Thermo Finnigan MAT 253 gas source mass 
spectrometer at Caltech, employing standard published configurations and methods 
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(Huntington et al. 2009; Passey et al. 2010). Heated gas samples were analyzed daily to 
correct for instrument nonlinearity and “scale compression,” allowing data to be 
normalized to the stochastic reference frame used for the original calibration of the 
clumped isotope thermometer reported in Ghosh et al. (2006). Following heated gas 
normalization, the empirically derived acid fractionation correction of +0.081‰ was 
added to !47 data to account for the difference between the phosphoric acid temperature 
of 90°C used in this study and the phosphoric acid temperature of 25°C used by Ghosh et 
al. (2006) in the original calibration (Passey et al. 2010).  
 
Results 
Effects of offline reaction 
 Leaking reaction vessels proved to be problematic for many of the offline 
reactions. The pressure of incondensable gases not frozen down when CO2 was trapped 
with liquid nitrogen was taken as an indication of leaking, and pressure on the backspaces 
of reaction vessels was monitored before and after offline reaction as another possible 
warning of leaking. CO2 samples with anomalously high pressures of incondensable gas 
were discarded, resulting in the loss of 10 out of 45 offline reactions during the 2012 
session. Samples with backspace leaks were noted, but not excluded from the dataset. 
 Isotopic data from calcite standards are reported in Table 1 and plotted in Figure 
2. Offline reaction results in significant offsets in !47, up to 0.1‰. During the 2011 
session, offsets from accepted !47 values were negatively correlated with the accepted 
values for both online and offline standards (Figure 2a). To account for this effect, a 
correction of 0.154 " !47SA-HG,acid -0.093, where !47SA-HG,acid  is the heated gas- and hot 
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acid-corrected !47, was added to all carbonate clumped isotope data collected in 2011. 
Following correction for online offsets, offline standards from 2011 had an average !47 
offset of 0.035 ± 0.026‰ (1-s.d. uncertainty), and offline standards from 2012 had an 
average !47 offset of 0.083 ± 0.028‰, excluding Carrara standard “Rxn #12,” which had 
a "13C value of 2.858‰, dramatically higher than the long-term average value of 2.34 ± 
0.02‰ for all Carrara marble standards measured on that mass spectrometer between 
March 2010 and July 2011. There was no significant difference between the offsets in the 
Carrara marble and TV-01 calcite standards (homoscedastic t-test p = 0.65 in 2011, 0.63 
in 2012). Although there were no notable changes in methodology for offline reactions 
between the two sessions, there is a significant difference in the offsets for offline 
standards measured in 2011 and those measured in 2012 (p = 0.02), so magnesite data 
from each session is treated separately. 
  Offline reaction also resulted in offsets in bulk isotopic data in calcite standards 
relative to long-term average values (Figure 3). Bulk isotopic values in calcite standards 
measured in the 2011 session are within error of their expected values, but "13C and "18O 
values in online calcite standards measured in 2012 are lower than expected, by an 
average of 0.098 ± 0.053‰ and 0.476 ± 0.086‰  (1-s.d. uncertainty), respectively. After 
correcting for this online offset, the average residuals for the 2012 offline standards were 
-0.587 ± 0.382‰ for "18O and +0.203 ± 0.077‰ for "13C. The offline standards 
measured in 2011 had "13C values that were more scattered than, but not significantly 
offset from, the values measured online and had "18O values offset from expected values 
by an average of -0.500 ± 0.110‰. The highest deviations from expected bulk isotopic 
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values correspond to the highest !47 offsets (in the 2012 offline standards), but there is 
not a strong correlation overall.  
 
Magnesite samples 
 Isotopic data from magnesite samples formed at known temperatures are reported 
in Table 2. The slope of the !47-temperature relationship, plotted in Figure 4, is 
consistent with previous calibrations of the clumped isotope thermometer (e.g., Ghosh et 
al. 2006; Guo et al. 2009; Dennis and Schrag 2010; Fernandez et al. 2013; M. Bonifacie 
in prep.). Following heated gas-, hot acid-, and online standard corrections, !47 values in 
magnesite are slightly higher than would be predicted by previous calibrations. However, 
if we subtract the offsets observed in the “offline” calcite standards, the !47 values in 
synthetic magnesites are lower than predicted by previous calibrations. This is not 
entirely surprising, as the offsets observed in samples reacted offline result from 
processes affecting the gas phase in the sealed reaction vessel. The calcite standards react 
very rapidly with phosphoric acid at 90°C, so the clumped isotopic signature of evolved 
CO2 is subject to modification for the almost the entire 17 hour “reaction” period, 
whereas CO2 is only gradually evolved over the reaction period for magnesite. Therefore, 
offsets observed in our offline calcite standards can bee seen as maximum potential 
offsets for magnesite samples. Actual offsets in !47 values due to offline reaction for 
magnesite are likely to be significantly smaller. 
 Based on the offline calcite standards, oxygen isotopic values are also expected to 
be offset due to offline reaction. True oxygen isotope values are likely to fall between the 
measured value and offset-corrected values that are ~0.5-0.6‰ higher. However, given 
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that the !47 offsets from previous calibrations are much smaller for magnesite samples 
than for offline calcite standards, the offsets in "18O may also be smaller for magnesite. 
 
Discussion 
Isotopic offsets in offline extractions 
!47 offsets due to offline reaction may be much more significant for the calcite 
standards than for the magnesite samples, because evolved CO2 was present in higher 
concentrations for longer periods of time following the rapid dissolution of calcite 
compared with the gradual dissolution of magnesite. If the offsets are generated by 
interactions between CO2 molecules, then we would expect to see substantially higher 
offsets in the case of calcite because the cumulative number of interactions for rapidly 
formed CO2 from calcite would be expected to be about triple that of gradually evolved 
CO2 from magnesite. A similar observation could be made if the reactions generating the 
offsets are mediated by H2O, since the partial pressure of H2O will also increase during 
phosphoric acid digestion of carbonate, e.g., CaCO3 + H3PO4 ! CaHPO4 + CO2 + H2O.  
One possible explanation for the observed offsets in !47 would be partial re-
equilibration of the evolved CO2. Affek (2013) studied the kinetics of water-catalyzed 
clumped isotopic equilibration, and found a log-linear relationship between equilibration 
reaction progress and time, i.e.,  
!" !!!!!"!!!!!" ! !!!"!     !!!!!!  (2), 
where !! is the partially equilibrated !47 value at time t, !!" is the equilibrium !47 
value for CO2 at the temperature of equilibration as calculated by Wang et al. (2004), !! 
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is the initial !47 value, and k is a positive-valued constant with a values of 0.34 and 
0.51/hr with shaking at 25°C and 42°C, respectively. Affek also shows that "18O follows 
the same relationship, with nearly identical slopes. Rearranging equation (2), we would 
expect offsets, r, due to re-equilibration to develop with time as follows: !! ! !!"# ! !!" !!"# !!" ! !!!    !! !!  (3) 
Thus, after re-equilibration at the same temperature and for the same amount of time, the 
offset for TV01 relative to Carrara would be:  !TV01!Carrara ! 0.662! !!"0.352! !!" !               (4) 
At the 90°C acid digestion temperature, the equilibrium !47 value would be 0.651, so 
any re-equilibration offset for TV01 would be negative and very small. Even if 
temperatures in the headspace of the reaction vessel are cooler than 90°C, down to room 
temperature, we would expect to see at least twice as large an offset for Carrara compared 
with TV01, whereas we observe offsets that are indistinguishable for Carrara and TV01. 
Furthermore, the bulk isotopic offsets we observe are not consistent with water-mediated 
isotopic re-equilibration, which should produce "18O offsets correlated with !47 offsets 
and have no effect on bulk "13C values. Although the largest !47 offsets correspond to 
the largest offsets in "18O in the 2012 offline standards, there is not a strong correlation 
overall, and these extractions also had significant offsets in "13C.  
Although leaking reaction vessels were enough of a problem that several 
extractions were discarded, this does not appear to be the source of the offsets in the 
isotopic data for the offline standards either. If offsets were due to mixing with 
atmospheric CO2 leaking into reaction vessels, we would expect increases in "18O and 
 ! 84 
decreases in !13C, given that the !18O and !13C of ambient air in Pasadena are about 41‰ 
and -10‰, respectively (Affek and Eiler 2006), and the Carrara and TV01 standards have 
average !13C values of 2.3 and 2.5‰ and !18O values of 37.4 and 30.5‰, respectively. 
Diffusion of evolved CO2 out of the reaction space should result in decreases in !18O and 
!13C and increases in "47 (Saenger et al. 2012). In contrast to either of these processes, 
we observe decreases in !18O and either increases or no significant offset in !13C, without 
significant correlations between !18O, !13C, and "47 for offline standards. 
 
Application of the clumped isotope thermometer to magnesite 
Neglecting any corrections for offline reaction, synthetic magnesite samples 
grown at temperatures of 120-250°C yield "47 values that are generally higher than, but 
within 2-SEM of, values predicted using the theoretical magnesite calibration of Guo et 
al. (2009) and the empirical dolomite calibration data of Bonifacie et al. (in prep.). "47 
values from the 210-280°C Atlin listvenite sample were higher than predicted for that 
temperature range, but it is possible that the quartz fluid inclusion data do not accurately 
reflect the temperature of magnesite precipitation in those listvenites (Andrew 1985). The 
low temperature playa magnesite samples yield "47 values that diverge significantly 
from the theoretical calibration of Guo et al. (2009) and instead agree fairly well with 
low-temperature calcite calibrations developed at Caltech (Ghosh et al. 2006; Ghosh et al. 
2007; Came et al. 2007; Tripati et al. 2010; Thiagarajan et al. 2011), falling within 2-
SEM of the calibration of Ghosh et al. (2006).  
If the playa magnesite crystallized from supersaturated solutions formed during 
freezing of water, as suggested above, then the data for this sample could fall close to the 
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Guo et al. theoretical magnesite calibration. Given the measured !47, the Guo et al. 
calibration would predict a temperature of about -15°C, close to the average temperature 
in Atlin in January (Power et al. 2009). In the case of cryogenic precipitation, the 
agreement with the Guo et al. theoretical calibration is likely to reflect kinetic depletions 
in !47 rather than a systematic difference between calcite and magnesite clumped isotope 
equilibrium at low temperature, as synthetic cryogenic calcites exhibit kinetic 
enrichments in "18O and "13C accompanied by depletions in !47 (Clark and Lauriol 
1992; Guo 2008). Stable isotope results in Atlin playa magnesite do not appear to 
indicate cryogenic precipitation. "18O values in playa magnesite are ~16‰ (VSMOW), 
and summertime "18O values in groundwater at Atlin include values ranging from -21 to -
18‰ (VSMOW) (G. Dipple, pers. comm., 2011). Given available magnesite-water "18O 
fractionation factors (Aharon 1988; Schauble et al. 2006; Chacko and Deines 2008), the 
measured "18O values in playa magnesite are already lower than would be expected for 
equilibration with observed groundwater at temperatures <10°C. In contrast, cryogenic 
carbonate precipitation has been shown to produce kinetic isotope enrichments in 
carbonate "18O (Clark and Lauriol 1992). However, wintertime "18O values in 
groundwater at Atlin might be expected to be significantly lower than summertime values 
due to preferential incorporation of 18O into ice (O'Neil 1968), in which case the low "18O 
values in playa magnesite may still represent isotopic equilibrium or even enrichment. 
These questions highlight the importance of seasonality in terrestrial carbonate systems 
and potential pitfalls of the interpretation of conventional and clumped stable isotopes in 
terrestrial paleoenvironments, but we nonetheless tentatively favor an interpretation based 
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on summertime carbonate precipitation, leading to the conclusion that inter-laboratory 
differences in calibration of the clumped isotope thermometer are not material-specific. 
The root mean square deviation, calculated relative to the theoretical calibration 
of Guo et al. (2009) for averaged synthetic magnesite samples, and calculated relative to 
the original calcite calibration of Ghosh et al. (2006) for averaged playa magnesite 
samples, is 0.017‰ without any offline corrections. This is reduced to 0.009‰ if offline 
standard offsets divided by a factor of 4.9 (chosen to minimize RMSD) are subtracted 
from the !47 data. 
The metaperidotite sample from Val d’Efra records a !47 value of 0.310‰, 
corresponding to a temperature of 293°C (Guo et al. 2009), much lower than the 645°C 
experienced by the rock during regional metamorphism (Ferry et al. 2005). This “closure 
temperature” of ~300°C is similar to closure temperatures inferred from contact 
metamorphosed dolomite marbles (Ferry et al. 2011), carbonatites (Dennis and Schrag 
2010), and slowly cooled marbles (Ghosh et al. 2006). Depending on the cooling rate 
following crystallization, clumped isotope thermometry can be expected record the 
temperature of magnesite precipitation (or recrystallization) up to ~300°C, with the 
theoretical calibration of Guo et al. (2009) accurately reflecting the relationship between 
!47 and temperature down to ~50°C. 
 At lower temperatures, !47-temperature calibrations for calcite diverge for 
different laboratories. Henkes et al. (2013) demonstrate that the potential effects of poor 
interlaboratory calibration and error in the acid temperature correction are not sufficient 
to explain these discrepancies. They also discuss a kinetic model in which rapidly 
growing carbonate inherits high clumped isotopic compositions from CO2 without full 
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equilibration as CO3- but find that this model would require large kinetic fractionations in 
!18O and !13C as well, which were not observed in the carbonate from the Caltech 
calibrations. If the higher "47 values of low temperature carbonates in the Caltech 
calibrations were due to kinetic effects during the precipitation of low-temperature 
carbonates, then the same extent of kinetic fractionation would need to occur in biogenic 
calcite across different taxa (Ghosh et al. 2007; Came et al. 2007; Tripati et al. 2010; 
Thiagarajan et al. 2011; Grauel et al. 2013), in laboratory-grown calcite (Ghosh et al. 
2006), and now, in natural playa magnesite. A very simple test of the source of these 
discrepancies would be to duplicate measurements of the same low-temperature 
carbonate samples in different laboratories. Although the reasons for these interlaboratory 
discrepancies remain unclear, they have been reproduced for varied materials and CO2 
extraction procedures, so the Caltech calibration line (Ghosh et al. 2006) can be expected 




 Sluggish magnesite dissolution in phosphoric acid creates challenges for applying 
the clumped isotope thermometer to magnesite samples. With complete dissolution 
requiring reaction times on the order of a day, continuous cryogenic trapping of evolved 
CO2 using a specialized reaction apparatus (as in Halevy et al., (2011)) is impractical if a 
large number of extractions are required. However, phosphoric acid dissolution in sealed 
reaction vessels increases the risks of bond re-ordering in the evolved CO2 and of leak 
development. In spite of these complications, "47 values from magnesite samples with 
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known growth temperatures are in fairly good agreement with values predicted from 
other calibrations (e.g., Ghosh et al. 2006; Guo et al. 2009; Dennis and Schrag 2010; 
Fernandez et al. 2013; M. Bonifacie in prep.).  
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Mgs III r1 Synthetic Oelkers 2011 250 ± 0.5 -19.437 -31.787 0.312 ±  0.016
Mgs III r2 2011 250 ± 0.5 -19.111 -32.007 0.343 ±  0.011
Mgs III r3 2012 250 ± 0.5 -19.140 -32.247 0.349 ±  0.020
Mgs III r4 2012 250 ± 0.5 -19.388 -32.108 0.379 ±  0.016
-19.269 -32.037 0.346
0.167 0.194 0.027
Dclq200 r1 Synthetic Oelkers 2012 200 ± 0.5 -17.643 -31.746 0.382 ±  0.018
Dclq200 r2 2012 200 ± 0.5 -17.929 -31.390 0.384 ±  0.022
-17.786 -31.568 0.383
0.202 0.252 0.001
M2-150 r1 Synthetic Oelkers 2011 150 ± 0.5 -21.012 -28.801 0.382 ±  0.016
M2-150 r2 2011 150 ± 0.5 -20.590 -28.504 0.353 ±  0.012
Dclq150 r1 2012 150 ± 0.5 -24.267 -26.780 0.406 ±  0.016
Dclq150 r2 2012 150 ± 0.5 -24.173 -26.958 0.461 ±  0.024
-22.510 -27.761 0.401
1.982 1.039 0.046
ht-5 r1* Synthetic Mazzotti 2011 120 ± 1 -25.685 -24.051 0.584 ±  0.012
ht-5 r2 2011 120 ± 1 -25.177 -24.672 0.455 ±  0.011
ht-5 r3 2012 120 ± 1 -25.623 -24.383 0.423 ±  0.014
ht-5 r4** 2012 120 ± 1 -25.568 -24.391 0.435 ±  0.016
-25.513 -24.374 0.438
0.229 0.254 0.016
M223 Synthetic Deelman 2012 40 -14.846 -9.359 0.529 ±  0.016
16I2 Metaperidotite Ferry 2011 645 ± 10 -6.682 -21.076 0.310 ±  0.007
AT03-44-7 r1 Listvenite Dipple 2011 245 ± 35 -3.912 -10.825 0.398 ±  0.015
AT03-44-7 r2 2011 245 ± 35 -3.684 -11.200 0.397 ±  0.017
-3.798 -11.013 0.398
0.161 0.273 0.001
playa_1 r1 Playa Dipple 2011 6 ± 6 4.282 -14.837 0.757 ±  0.016
playa_1 r2 magnesite 2011 6 ± 6 4.236 -14.902 0.750 ±  0.012
playa_2 r1 2012 6 ± 6 2.393 -14.688 0.770 ±  0.011
playa_2 r2** 2012 6 ± 6 2.449 -14.880 0.794 ±  0.016
3.340 -14.827 0.768
1.062 0.096 0.019
Table 2. Clumped isotope data for magnesite samples formed at known T
T (°C)














*The LN tank ran empty during GC transit, and "47 value is much higher than that of replicate extractions of ht-
5, so this extraction is excluded from averages.
**Developed backspace leaks, but it did not seem to affect the reaction space.
Stdev
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Figure 1. Reaction progress versus time for phosphoric dissolution of magnesite at 90°C 
in sealed reaction vessels (black circles) and in a stirred reaction apparatus with 
continuous cryogenic trapping of CO2. Fraction of carbonate reacted was calculated from 
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Figure 2. Residual !47 values from calcite standards compared with expected values. (a) 
Calcite standards measured in 2011, (b) Calcite standards measured in 2011, (c) Offline 
calcite standards measured in 2011 and 2012 after correcting for offsets observed in 
online standards. 
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Figure 3. Residual !18O and !13C of calcite standards. (a) Raw !18O residuals versus 
online-corrected "47 residuals for all extractions of Carrara and TV01 standards, (b) Raw 
!13C residuals versus online-corrected "47 residuals for all extractions of Carrara and 
TV01 standards, (c) !13C residuals versus !18O residuals for offline calcite standards 
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Figure 4. Sample-averaged !47 values in magnesite versus 106/T2, compared with the 
calibration data of Ghosh et al. (2006), Dennis and Schrag (2010), and Bonifacie (in 
prep.) and the theoretical magnesite calibration of Guo et al. (2009). Error bars represent 
the greater of one standard deviation of replicate measurements of the magnesite sample 
and one standard deviation of the offline calcite standards for each year. 
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Chapter 4: Geochemistry and petrology of listvenite in the Oman Ophiolite 
 
Abstract 
 Extensive outcrops of listvenite—fully carbonated peridotite, with all Mg in 
carbonate minerals and all Si in quartz—occur along the basal thrust of the Samail 
Ophiolite in Oman. Here we examine mineralogical, chemical and isotopic evidence for 
the temperatures, timing, and fluid compositions involved in the formation of this 
listvenite. The listvenites are composed primarily of magnesite (and/or dolomite) + quartz 
+ relict Cr-spinel. In some instances the conversion of peridotite to listvenite is nearly 
isochemical except for the addition of CO2, while other samples have seen significant 
calcium addition and/or variable minor addition of Al, Ti, K, and Mn. Along margins 
where listvenite bodies are in contact with serpentinized peridotite, talc and antigorite are 
also present in addition to carbonate and quartz. Thermodynamically stable coexistence 
of antigorite, talc, and quartz in serpentinite along the margins of the listvenite would 
require reaction temperatures around 80-110°C. This is consistent with carbonate 
clumped isotope thermometry in listvenite, and with conventional stable isotope 
exchange thermometry (assuming fluid compositions with !18O near zero), which yield 
peak temperatures around 100°C. Depending on the reaction pressure, thermodynamic 
stability of the dominant magnesite + quartz assemblage (relative to talc + magnesite) at 
these temperatures may require that these minerals formed at relatively high PCO2. CO2-
enriched fluids were likely derived from underlying calcite-bearing sediment during 
emplacement of the ophiolite. Initial 87Sr/86Sr values in the listvenite vary from 0.7085 to 
0.7135. Most are significantly higher than seawater values and consistent with values 
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measured in the underlying metasediments. An internal Rb-Sr isochron from one 
listvenite sample yields an age of 97 ± 29 Ma, consistent with the timing of emplacement 
of the ophiolite over allochthonous sediments of the Hawasina group, and autochthonous 
sediments of the Arabian continental margin. While constraints on the pressure of 
listvenite formation are lacking, these moderate temperatures suggest that listvenites 
formed at relatively shallow depths, making release of carbonate-saturated pore-water 
due to compaction of subducted sediment or low-pressure phase transitions of hydrous 
minerals, the probable sources of the CO2-bearing fluid. Alternatively, there might have 
been substantial transport of fluids along the slab interface from regions with higher 
pressures and temperatures, but this seems unlikely as decompression and cooling of such 
transported fluids would have lowered the carbon content. Carbonate dissolution from 
subducted sediments and transfer of CO2 to the mantle wedge via listvenitization may be 
an important process in forearc hydrothermal systems. The presence of fully carbonated 
peridotite deposits demonstrate that peridotite carbonation reactions can proceed to 
completion on large scales, suggesting that in situ mineral carbonation of peridotite may 
offer a viable solution for carbon storage. 
 
Introduction 
 Listvenite (sensu stricto) is a fuchsite-quartz-carbonate assemblage produced by 
alteration of ultramafic rocks, but the term has been broadly applied to include many 
other carbonate-rich alteration products of ultramafic rocks (Halls and Zhao 1995). In this 
paper, we use the term to refer to rocks composed almost entirely of quartz plus 
magnesite and/or dolomite, formed by replacement of peridotite. Listvenite deposits 
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initially attracted attention for their association with gold mineralization and other 
economically-valuable hydrothermal deposits (Rose 1837), but more recently have been 
highlighted as a natural analog to mineral carbon storage (Hansen et al. 2005; Kelemen et 
al. 2011; Beinlich et al. 2012) and as a window into peridotite carbonation processes in 
the hanging wall of subduction zones (Kelemen et al., 2011). 
 The presence of listvenite near the base of the Oman ophiolite has been noted by 
several researchers (Glennie et al. 1974; Stanger 1985; Villey et al. 1986; Wilde et al. 
2002; Nasir et al. 2007; Kelemen et al. 2011), but there has been no consensus on a 
model for the formation of listvenite in Oman. Referred to as alternatively as “Amqat,” 
birbirite, silicified serpentinite, listwaenite, or listwanite, listvenite in Oman has been 
proposed to form by leaching of magnesium under tropical weathering conditions in the 
late Tertiary (Glennie et al. 1974), reaction with warm groundwater during Paleogene 
faulting (Stanger 1985; Wilde et al. 2002), and reaction with sediment-derived fluids 
during emplacement of the ophiolite (Kelemen et al. 2011). We present geochemical data 
from Oman listvenites (both sensu stricto and sensu lato) to provide constraints on the 
timing, temperature, and fluid composition and sources or listvenitization.  
 We collected listvenite, other highly-carbonated peridotite lithologies, and nearby 
metasediments and serpentinized peridotite samples in January of 2009, 2010, and 2011 
from six localities: (1) a large antiform comprising a mountain along Wadi Mansah, (2) 
the highway roadcut at Fanjah, (3) Amqat, (4) an outcrop near the Tawah locality of 
Nasir et al., 2007, (5) Tuf and (6) Wadi Abyad. These locations are shown on the map in 
Figure 1, and a list of sample locations and descriptions can be found in Appendix 1.  
 At Tuf and Wadi Abyad, we find highly carbonated peridotites composed primarily 
 ! 103 
of magnesite + talc ± serpentine, in localized, centimeter- to meter-scale zones within 
serpentinized peridotite (Figure 2). Without quartz, and with some Mg remaining in 
silicate phases rather than in carbonates, these “soapstones” are not listvenites following 
the definition of Halls and Zhao (1995), but such rocks do not have equivalents in the 
active carbonation systems observed in Oman today (Streit et al., 2012; Kelemen et al., 
2011). Instead, they fall within a spectrum of carbonated alteration products of peridotite 
that formed at depth that includes true listvenites.  
 The Wadi Mansah, Fanjah, Amqat, and Tawah occurrences fall within the region of 
detailed mapping of Amqat occurrence presented in Stanger (1985), but not all listvenite 
found at these localities is consistent with previous descriptions of listvenite from this 
region. Listvenites at the Fanjah roadcut, Amqat, and Tawah have been described in 
previous studies (Glennie et al. 1974; Stanger 1985; Wilde et al. 2002; Nasir et al. 2007) 
to include highly silicified serpentinite containing only minor dolomite and/or calcite 
(referred to as “Amqat” by Glennie et al. (1974) and Stanger (1985); as “silica-iron 
hydroxide,” “SIH,” or simply “listwaenite” by Wilde et al. (2002); and as “Type II 
listwaenite” by Nasir et al. (2007)), and carbonate-dominated listvenite composed of 
dolomite and/or calcite with accessory fuchsite and oxides (the “Type I listwaenite” of 
Nasir et al. (2007)). The listvenite in Wadi Mansah differs from samples described by 
previous studies of Oman listvenites in the predominance of magnesite, present in ~10m 
thick magnesite-quartz listvenite bands occurring within partially serpentinized peridotite 
and in an overlying ~100m thick body of dolomite-quartz and magnesite-quartz listvenite 
that makes up the crest of the antiform. The magnesite + quartz assemblage that typifies 
listvenite at the Wadi Mansah locality reflects carbonation of peridotite with relatively 
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little change to the bulk composition beyond the addition of CO2, whereas other listvenite 
bodies in Oman are dominated by calcium carbonates (e.g., Stanger 1985; Wilde et al. 
2002; Nasir et al. 2007).  
 A geologic map of the Wadi Mansah locality is presented in Figure 3. In Wadi 
Mansah, listvenite forms 10 to ~ 200 meter bands roughly parallel to banding in the host 
peridotite (pictured in Figure 4). The listvenite bands probably are also parallel to the 
basal thrust juxtaposing hanging wall peridotite with metasediments in the footwall. The 
bands may have been localized along imbricate faults associated with the basal thrust. 
Beneath the fault are minor amphibolites and greenschist facies metabasalts (some 
pillows) and chert, plus a much more extensive mass of metasedimentary phyllites with 
quartz, calcite, clinochlore, illite and muscovite. These lithologies were grouped and 
mapped as part of the metamorphic sole of the ophiolite by Villey et al. (1986). In turn, 
beneath the metamorphic sole are diagenetically modified sediments of the Hawasina 
group (Villey et al. 1986).  Our samples from Wadi Mansah include transects across the 
transitional margins between magnesite + quartz listvenite bands and partially 
serpentinized peridotite. While we report data from a limited number of samples from 
other localities, we focus primarily on listvenite from the site near Wadi Mansah, where 
listvenite is surrounded in three dimensions by partially serpentinized peridotite.  
 
Methods 
Sample processing and compositional analyses 
 Hand samples of listvenites, metasediments, and less altered peridotites were 
collected from listvenite localities in 2009, 2010, and 2011. Sub-samples (~20-50 grams) 
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were chipped using a jaw crusher and powdered using ceramic puck mill. Splits of these 
powders were used for X-ray diffraction, X-ray fluorescence, and Sr isotopic studies. Cut 
thin-section blanks were sent to Burnham Petrographics for preparation of polished thin 
sections. 
 The mineralogical and elemental compositions of samples were studied by 
petrographic microscope, powder X-ray diffraction (XRD), X-ray fluorescence (XRF), 
and electron microprobe. Powdered samples were analyzed by XRD using a Panalytical 
X’Pert powder X-ray diffractometer at Lamont-Doherty Earth Observatory and peaks for 
constituent minerals were identified using MacDiff and Match! software, with semi-
quantitative estimates of mineral proportions calculated in Match!. Whole rock major and 
trace element com- position were determined by XRF at the Washington State University 
GeoAnalytical Lab, where loss on ignition (LOI), primarily due to volatilization of H2O + 
CO2, was also measured (http://www.sees. wsu.edu/Geolab/equipment/xrf.html). 
Polished thin sections were quantitatively analyzed with a 5-spectrometer Cameca SX-
100 electron microprobe located at the American Museum of Natural History in New 
York, using a 10 lm beam diameter, with 15 kV accelerating voltage, 10nA current, and 
20–30 s peak time, to analyze the major element composition of phases in thin using 
natural and synthetic standards. 
Sr Isotopes and isotopic dating 
 Sr isotopic analyses were completed at Lamont-Doherty Earth Observatory. Sample 
dissolution and element purifications of bulk powders were performed in the clean lab 
(see Appendix 2 for detailed procedures), and Sr isotope ratios were measured on the VG 
Sector 54 multi-collector thermal ionization mass spectrometer (TIMS). Mineral 
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separation for determination of an Rb-Sr mineral isochron in sample OM10-26 was 
partially achieved by magnetic separation of sieved grains liberated by self-fragmentation 
under high voltage (Selfrag). Although the very fine-grained nature of these rocks and 
variable mineral compositions prevented complete separation of minerals, eight fractions 
with variable proportions of quartz, magnesite, and fuchsite were obtained and analyzed 
for Sr isotopic ratios. Rb:Sr ratios for Rb-Sr dating were analyzed by inductively coupled 
plasma mass spectrometry (ICP-MS) measured on the VG PlasmaQuad Excell ICPMS. 
Preliminary Ar-Ar dating was performed on picked fuchsite-rich grains in the Argon 
Geochronology For The Earth Sciences (AGES) Lab at LDEO. 
Carbonate clumped isotopes 
 Clumped isotopic data were obtained for eight dolomite-bearing and nine 
magnesite-bearing listvenite samples from the Wadi Mansah and Tawah localities, one 
dolomite-bearing and three calcite-bearing metasediment samples from the Wadi Mansah 
locality, and two soapstone samples from Tuf and Abyad. All samples were analyzed at 
the California Institute of Technology, over the same three sessions in 2009, 2011 and 
2012 in which the low-temperature carbonate samples from Chapter 2 and magnesite 
samples from Chapter 3 were analyzed. Chipped samples were crushed using a mortar 
and pestle and sieved to separate a 150-250 µm grain-size fraction. Listvenite sample 
OM09-19 contains fine-grained dolomite intergrown with quartz cut by magnesite veins 
and abundant quartz veins, so mm-scale subsamples were cut from a stained, sawed slab 
to isolate dolomite and magnesite. Soapstone sample OM11-94 is zoned, containing 
magnesite-talc, serpentine-talc, and serpentine-olivine regions. Only the magnesite-talc 
region was subsampled for clumped isotope analysis. Magnesite samples were rinsed 
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with ethyl alcohol and dried overnight in an oven at 40°C to remove water, prior to 
offline phosphoric acid digestion at 90°C in sealed reaction vessels for 17 hours, as 
described in Chapter 3. To avoid contamination from coexisting dolomite, CO2 evolved 
from magnesite in the first 20 minutes of phosphoric acid digestion was discarded. 
Dolomite and calcite samples analyzed in 2011 and 2012 were reacted using the 
automated online extraction system described in Passey et al. (2010), wherein samples 
are reacted for 20 minutes in a common acid bath maintained at 90°C with continuous 
cryogenic trapping of evolved CO2 followed by further cryogenic and GC purification. 
Two dolomite samples analyzed in 2009 were reacted with phosphoric acid at 90°C for 
20min in sealed reaction vessels. 
 !13C, !18O and clumped isotope ratios, reported as "47, were measured on a 
Thermo Finnigan MAT 253 gas source mass spectrometer at Caltech, employing standard 
published configurations and methods (Huntington et al. 2009; Passey et al. 2010). 
Heated gas samples were analyzed daily to correct for instrument nonlinearity and “scale 
compression,” allowing data to be normalized to the stochastic reference frame used for 
the original calibration of the clumped isotope thermometer reported in Ghosh et al. 
(2006). Following heated gas normalization, the empirically derived acid fractionation 
correction of +0.081‰ was added to "47 data to account for the difference between the 
phosphoric acid temperature of 90°C used in this study and the phosphoric acid 
temperature of 25°C used by Ghosh et al. (2006) in the original calibration (Passey et al. 
2010).  "47, !13C, and !18O values were standardized to Carrara and TV01 calcite 
standards by subtracting observed offsets for online standards, with an additional minor 
correction to account for offsets observed in magnesite samples reacted offline (see 
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Chapter 3 for observed offsets in standards and magnesite samples measured in 2011 and 
2012). Clumped isotope temperatures were calculated using the empirical calibration of 
Ghosh et al. (2006) for T<50°C and the theoretical calibration of Guo et al. (2009) for 
T>50°C. !18O in carbonate was calculated using the CO2-carbonate !18O fractionation 
factors for phosphoric digestion from Das Sharma et al. (2002). 
Oxygen isotopes in quartz 
 !18O was measured in quartz separates from nine listvenite samples in which 
clumped isotope compositions were also analyzed. Where sufficient material was 
available, the same crushed and sieved subsamples used for clumped isotope analysis 
were also used. Where more material was required, the samples were crushed and sieved 
to 150-250µm and Frantzed to separate the non-magnetic fraction at 0.4A, 20° side-slope. 
For sample OM09-11, in addition to quartz from the subsample of the fine-grained 
quartz-magnesite matrix that was used for clumped isotope analysis, a coarser quartz vein 
was also sampled (OM09-11-V). In addition to the bulk sample that was used for 
clumped isotope analysis, a nearly pure quartz separate from the non-magnetic fraction 
(Frantzed at 1.2A, 5° side-slope) of the Selfragged OM10-26 subsample was also 
analyzed. 30-80mg of each sample was reacted with 3-7ml of 1M HCl at room 
temperature for three days to remove carbonate, then with ~3ml of 10% oxalic acid at 
room temperature for three days to remove iron oxide. Samples were then triple-rinsed 
with DI water and dried overnight in an oven. Many of the samples still contained quartz 
grains that were stained or intergrown with fine-grained oxides, so cleaned samples were 
picked under a microscope to remove the most contaminated grains. !18O measurements 
were performed at the Earth Systems Center for Stable Isotopic Studies (ESCSIS) at Yale 
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University, using CO2 laser fluorination techniques. Measured sample !18O values were 
standardized to a Gore Mountain Garnet (!18O = 5.8‰ SMOW) standard and an NBS28 
quartz standard (!18O = 9.6‰ SMOW). 
 
Results 
Bulk and mineral compositions 
 Listvenite bulk compositions, at the cubic meter scale, generally approximate that 
of average Oman harzburgite (Hanghoj et al. 2010) with the addition of CO2 and in many 
cases Ca. While other studies have noted a high degree of silicification in listvenites (e.g., 
Stanger 1985; Wilde et al. 2002), we find similar numbers of samples showing silica 
gains and losses, with silica content least variable and most similar to harzburgite in the 
magnesite + quartz assemblage (Figure 4). The abundance of quartz veins makes it clear 
that silica was mobilized in the system, and the relatively high Mg-numbers of quartz-
rich samples demonstrate that the high proportion of silica in those samples is due to 
addition of Si, not leaching of Mg as Glennie et al. (1974) originally proposed for Amqat. 
However, it is likely !"#"$%&'%!&())*&+),-"!.+"(/.)-&0".'"*&.')&1/.$+12&+%.')+&.'%*&"*.+1-/$)-&3+14&%*&)5.)+*%#&!1/+$)6& Dolomite-quartz listvenites exhibit greater 
compositional variability than their magnesite counterparts, and appear to have lost Mg 
and gained Ca.  
Minor and trace elements in listvenites are also broadly similar to average Oman 
harzburgite, with the most notable exceptions being the addition of potassium, a hallmark 
of listvenitization (s.s.) (Halls and Zhao 1995), and addition of manganese in most 
dolomite-bearing listvenites (Figure 6). Components commonly considered to be 
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immobile during hydrothermal alteration, such as Ti, Al, and Cr, can vary in 
concentration by up to more than an order of magnitude in Oman listvenites, and while 
they remain positively correlated, enrichments in Ti and Al, for example, are not 
proportional in a way that can be explained by losses in other components and therefore 
suggest either mobility during hydrothermal alteration or greater local variability in 
protolith than that documented by Hanghoj et al. (2010).  
Volatile-free major and trace element bulk compositions of magnesite-quartz 
listvenites from the Wadi Mansah locality are frequently the same, within error, as 
average Oman harzburgite for all elements for which our XRF data can be compared with 
the data from Hanghoj et al. (2010), as shown in several selected isocon plots in Figure 7. 
By contrast, dolomite-quartz listvenite bulk compositions are not only highly enriched in 
calcium and depleted in magnesium, but show variable addition or loss of other major 
and trace elements, such that no samples are the same, within error, as the bulk 
composition of average harzburgite even when projected from Ca and CO2.  
Optical microscopy, XRD analysis, and electron microprobe reveal that our 
listvenite samples are predominantly composed of magnesite and/or dolomite + quartz, 
with antigorite ± talc ± chlorite present instead of quartz in samples collected from 
transitional zones between listvenite and partially serpentinized peridotite. Table 1 lists 
mineral parageneses observed in listvenites and associated rocks, with semi-quantitative 
estimates of mineral proportions calculated in from XRD spectra where available. 
Carbonate and quartz are finely intergrown, frequently down to micron scale and also 
form hierarchical fracture networks, in which cross-cutting relationships suggest quartz 
and carbonate veins are coeval, though dolomite and calcite veins sometimes post-date 
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the magnesite + quartz as cross-cutting veins and vugs (Figure 8a: intergrown magnesite 
+ quartz and vein networks; Figure 9: carbonate cross-cutting relationships). Unlike 
serpentinitized peridotite far from listvenites in Oman (e.g., Boudier et al. 2010; Streit et 
al. 2012), serpentine near the margins of listvenite bodies is primarily antigorite rather 
than lizardite, though XRD suggests both polytypes maybe present. In these samples, 
antigorite may coexist with chlorite, talc, and in one sample, quartz (8c-e). Antigorite, 
which is the more Si-rich serpentine polytype, may be stabilized relative to lizardite near 
the listvenite zones because precipitation of magnesium carbonates increases silica 
activity in the fluid (Frost, 1985). 
Mineral compositions from electron microprobe analyses of carbonates, Mg-
phyllosilicates, olivine, spinels, and other minor phases are given in Tables 2-6. While 
carbonates from the active, low-temperature carbonation system in Oman have <0.5 wt% 
FeO (Streit et al., 2012), magnesite and dolomite from Oman listvenites have an Mg# of 
~95 on average (~5 wt% FeO in magnesite, ~2 wt% in dolomite). Serpentine from 
serpentinized peridotite occurring within meters of the margins of listvenite has an 
average Mg# of ~95, which is the value expected for antigorite in Fe/Mg exchange 
equilibrium with typical mantle olivine from the Oman ophiolite with an Mg# of 91 
(Trommsdorff and Evans 1972). However, in some partially serpentinized peridotite near 
listvenite or other highly-carbonated peridotite, more Fe-rich serpentine (e.g., Mg# ~85) 
surrounds or completely replaces relict olivine in mesh cores surrounded by serpentine 
with Mg# ~95, as pictured in Figure 10. In OM10-06, some of these mesh cores also 
contain low-Fe magnesite and dolomite. The distribution of iron in Mg-rich phases for 
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low-temperature carbonate-veined serpentinites, listvenites, and “talc-listvenites” is 
shown in Figure 11.  
 Most of the remaining iron, ~2-3wt% in magnesite-quartz listvenite, takes the form 
of iron oxides and hydroxides. In partially serpentinized peridotite adjacent to the 
listvenite bodies, in transitional carbonated peridotite on the margin of listvenite bands, 
and in highly carbonated, calcite-rich serpentinites from the Fanjah roadcut, magnetic 
minerals occur in high enough abundance that a strong hand magnet has a notable 
attraction to the thin section billet. In partially serpentinized peridotite, this is assumed to 
be due to the presence of magnetite, identified in thin section on the basis of electron 
microprobe totals ~92-94 wt%, while XRD suggests the presence of maghemite in 
samples from the Fanjah roadcut. Much of the magnetite identified in these partially 
serpentinized peridotites is extremely fine-grained and occurs in disseminated patches or 
irregular veins, but larger aggregates, up to 30 µm in thickness, can be found rimming Cr-
spinels. Fully carbonated listvenites are unaffected by a hand magnet, and the coarsest 
grained Fe-oxides (typically <10-20 µm), which occur as isolated needles, veinlets and 
reactive rims on Cr-spinels, yield probe totals around 85-89 wt% consistent with 
hematite. Other Fe-oxide veins in listvenite yield lower probe totals, in the high 70s, 
which could represent goethite or other iron hydroxides. However, much of the iron in 
listvenite is present as extremely fine-grained iron oxide/hydroxide that takes the form of 
fine strands or small patchy areas with a bright, mottled appearance in back-scattered 
electron images. Although even 1µm point analyses of these phases most likely represent 
mixed analyses, electron microprobe analyses typically yield totals in the high 70s and 
indicate ~5wt% SiO2 even when the iron phase occurs within carbonate veins. Fe 
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XANES spectra collected by collaborators at UC Boulder are unique among their large 
library of model compound, but are best approximated in some areas by amorphous 
Fe(III)-oxide microbial mat models acquired from low-temperature submarine 
hydrothermal vents (A. Templeton and L. Mayhew, pers.comm., 2011). The identity of 
host phase for much of the iron in listvenite remains unclear. 
 Relict chromian spinels are ubiquitous in listvenites from all localities in the Samail 
massif, and in many cases serve as the clearest indication of a peridotite protolith. While 
Cr-spinel is typically the only relict phase remaining from the protolith, even these have 
experienced significant alteration, with MgAl2O4-rich end-members typical of Oman 
harzburgite present only in partially serpentinized peridotites and the less-altered cores of 
spinels in some listvenite samples (Table 5). Most spinel analyses have much lower Mg# 
and higher Cr# than spinel from fresh Oman peridotite (average Mg# of ~30 in listvenites 
and associated carbonated peridotite compared to ~60 in harzburgite and ~50 in dunite 
from Oman, average Cr# of ~80 compared to ~50 in harzburgite and ~60 in dunite) 
(Hanghoj et al. 2010). These data probably reflect addition of iron to spinel – as well as 
formation of fine-grained oxides – during replacement of olivine and serpentine with high 
Mg# carbonate, and loss of Al from spinel to form chromian chlorite. 
Although the bulk compositions of almost all our listvenite samples are at least 
slightly enriched in potassium, fuchsite (Cr-rich muscovite) is rarely present in our 
samples, occurring in trace quantities in a few samples and in minor quantities in only 
one sample (OM10-26). Fuchsite occurs in mm-scale bright bluish-green spots composed 
primarily of quartz intergrown with minor amounts of very-fine-grained fuchsite. 
Fuchsite in OM10-26 pseudomorphically replaces Cr-spinel (Figure 12), which is not 
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present as relicts in this sample unlike most other samples, and fuchsite compositions 
trend to Cr-rich spinel compositions (Figure 13). 
 
Sr isotopic compositions 
 Bulk strontium isotopic ratios for listvenites and underlying metasediments and 
metavolcanics from Wadi Mansah and a soapstone from Tuf (Table 7) range from 
87Sr/86Sr values of 0.7085 to 87Sr/86Sr values in the listvenite vary from 0.7085 to 0.7135. 
Most of these ratios are significantly higher than in Cretaceous to modern seawater, and 
are consistent with values within the underlying allochthonous metasediments, which 
range from 0.7044 to 0.7189 (Figure 14). Even more radiogenic strontium isotope ratios 
have been reported in autochthonous clastic sediments, with 87Sr/86Sr values up to 0.77 
(Weyhenmeyer 2000). 
 The presence of K-bearing fuchsite in OM10-26 provides a host for Rb, allowing 
for differential in-growth of 87Sr and construction of an internal isochron (Figure 15). 
Due to the very fine-grained nature of this sample, we analyzed Sr isotopic ratios and Rb 
and Sr concentration on eight magnetically separated fractions representing variable 
proportions of magnesite, quartz, and fuchsite (Table 8). This yields an isochron age of 
97 ± 29 Ma, calculated using ISOPLOT (model 3) (Ludwig, 2003). The scatter in these 
data exceed the expected scatter due to analytical errors, suggesting “geologic” scatter 
may result from non-uniform initial strontium isotope ratios or later alteration resulting in 
addition or loss of Rb and/or Sr from some phases1.  
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
"! The nominal analytical errors may underestimate the uncertainty of the entire 
procedure, given that two separate dissolutions of bulk powder of OM10-26 differ in 
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 40Ar-39Ar analyses of picked fuchsite-rich grains did not produce a reliable age 
(Figure 16). Although the integrated age of 96 Ma is in agreement with the Rb-Sr age, 
most Ar was released in the first heating step, which yielded an unreasonable age of ~123 
Ma, older than the igneous age of the ophiolite (Tilton et al. 1981; Rioux et al. 2012). 
Given the weathered appearance of the fuchsite, its fine-grained nature, and its intimate 
association with quartz that could contain micron-scale fluid inclusions, it is not 
surprising that the Ar isotope system may have been disturbed. 
 
Stable isotopes 
 Measured !47, "13C, and "18O in carbonate from listvenite, soapstone, and 
underlying metasediments are reported in Table 9, and illustrated in Figure 17. A table of 
all clumped isotope measurements, including standards and heated gases is presented in 
Appendix 3. Clumped isotope temperatures were calculated using the theoretical !47-T 
relationships derived by Guo et al. (2009) for T>50°C and using the   calibration of 
Ghosh et al. (2006) for T<50°C. Measured !47 values correspond to temperatures of 32-
119°C for listvenite and 54-149°C for underlying metasediment. "13C values range from -
5.7 to +1.1‰, and listvenite and metasediment values overlap. Carbonate "18O values are 
21.9-24.6‰ (SMOW) in magnesite-quartz listvenite, 19.8-26.3‰ in dolomite-quartz 
listvenite, 21.1-22.2‰ in calcite from underlying metasediment and 21.7‰ in dolomite 
metasediment. The two soapstone samples analyzed yielded the highest and lowest values 
of all highly carbonated peridotites analyzed, for both !47 and "18O, with OM11-17 the 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
87Sr/86Sr by ~0.003, more than two orders of magnitude higher than the standard 
deviation of filament duplicates prepared from the same dissolution/purification.!
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highest !47 and "18O carbonate values (0.637‰ and 28.1‰, SMOW, respectively) and 
OM11-94 yielding the lowest !47 and "18O values (0.307‰ and 12.7‰, SMOW, 
respectively). "18O values in quartz (Table 10) range from 21.5‰ to 23.8‰ in magnesite-
quartz listvenite and from 16.5‰ to 25.7‰ in dolomite-quartz listvenite and are 
correlated with "18O in carbonate (Figure 18).  
 
Discussion 
Timing of listvenitization 
 The Rb-Sr age derived from one magnesite-quartz listvenite sample (OM10-26) 
suggests that listvenite formation occurred during emplacement of the ophiolite, which 
was initiated ~94 Ma and continued until ~78 Ma (Hacker et al. 1996), rather than during 
a period of increased heat flow in the early Tertiary (~36-40 Ma) as proposed by Wilde et 
al. (2002). This age is also consistent with age constraints from late Paleocene to Eocene 
conglomerates that are mapped as unconformably overlying the listvenite (Villey et al. 
1986). Given that the Rb-Sr age comes from a single magnesite-quartz listvenite sample, 
it is possible that dolomite-quartz listvenites could have formed in a different 
environment than the magnesite-quartz listvenites, but the spatial association of dolomite-
quartz listvenites with the magnesite-quartz listvenites makes it seem unlikely that the 
two types are unrelated in their formation. Clear differences exist between dolomite 
listvenite and magnesite listvenite—dolomite listvenite samples are highly enriched in 
Ca, show far more variation in other major elements than magnesite-quartz listvenites. In 
samples that contain both magnesite and dolomite veins, dolomite typically post-dates 
magnesite. However, isotopic data (87Sr/86Sr, !47, "13C, and "18O) are generally similar 
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for dolomite and magnesite listvenites, and we infer that both listvenite types formed 
during the same time interval. 
 
Temperature constraints: mineral parageneses 
The similarity of the volatile-free bulk compositions of magnesite-quartz 
listvenites to those of relatively unaltered Oman harzburgites suggests a relatively simple 
alteration history, allowing us to make inferences about the conditions of peridotite 
carbonation. In Figure 19, we present a temperature-XCO2 phase diagram for the MgO-
SiO2-H2O-CO2 system to examine the regions of stability for the assemblages observed in 
listvenite (magnesite + quartz), and in transitional samples along the margins between 
listvenite and partially serpentinized peridotite (magnesite + talc + antigorite, quartz + 
talc + antigorite). This diagram was calculated using THERMOCALC (Holland and 
Powell 1998; Holland and Powell 2011). Reduction of activities of the Mg-end-members 
for antigorite and talc, based on electron probe analyses, makes no discernable difference 
in this result. Assuming that the thermodynamic data for the phases are correct, stable 
coexistence of antigorite, quartz and talc requires temperatures of ~80 ± 5°C (1!) and is 
relatively insensitive to pressure. Recalculating this phase diagram at pressures between 
10bar and 10kbar, results in less than 10°C difference in temperature of the antigorite + 
quartz = talc + H2O; the primary effect of increasing pressure is to shift phase boundaries 
involving magnesite to lower XCO2 (Figure 20). As in the case of chrysotile + quartz = 
talc + H2O (Streit et al. 2012), the calculated temperature of the antigorite + quartz = talc 
+ H2O reaction is higher (106°C) if the thermodynamic database of Gottschalk (1997) is 
used rather than Holland and Powell (2011).  
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Thus, the apparent coexistence of antigorite, quartz and talc (see Figure 8, panels 
c and e) provides a temperature estimate for the margin of the listvenite bands. This also 
provides constraints for the temperature of listvenite formation, as it is unlikely that a 
strong thermal contrast could be maintained over the <2 m wide transition zone between 
listvenite and partially serpentinized peridotite. The change in parageneses, from 
magnesite + quartz to antigorite + quartz (± talc, ± carbonate minerals) to chrysotile + 
lizardite + magnetite (+ relict olivine and orthopyroxene) is probably due to a decrease in 
XCO2, with little or no temperature variation. If temperature was restricted to a relatively 
small range near the invariant point during alteration, the region in which talc + 
magnesite is stable without serpentine is very small, which could explain why this 
assemblage is not observed in association with the listvenite bodies studied here. 
Similarly, the presence of serpentine-free magnesite + talc assemblages at centimeter- to 
meter-scale at Abyad may indicate higher alteration temperatures at that locality, since 
the stability field of magnesite + talc expands in XCO2 space at higher temperature.  
 
Temperature constraints: Clumped isotope thermometry and oxygen isotopes 
Temperature estimates derived from stable isotope data are broadly consistent 
with the coexisting mineral equilibria described in the previous section. The average 
carbonate clumped isotope temperature in listvenite is 75°C in magnesite-quartz 
listvenite and 101°C in dolomite-quartz listvenite, in good agreement with antigorite + 
quartz = talc phase boundary at ~80-106°C. Magnesite from a soapstone sample from 
Abyad yielded !47 values of 0.307 ± 0.021‰ corresponding to a metamorphic 
temperature, or a closure temperature, of ~300°C (see Chapter 3). This higher 
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temperature for magnesite coexisting with talc without serpentine is consistent with the 
fact that magnesite + talc is stable over a wider range of fluid compositions at higher 
temperature. !18O values in magnesite from this sample, 12.7 ± 0.1‰ (SMOW), are also 
much lower than those measured in listvenite, consistent with a high-temperature origin. 
Magnesite in soapstone from Tuf, which contains both serpentine and talc, has higher 
"47 and !18O values, 0.637 ± 0.029‰ and 28.1 ± 0.2‰ (SMOW), respectively, than 
carbonates from listvenite and yields a clumped isotope temperature of 27 ± 8°C. 
Although average clumped isotope temperatures in listvenite agree well with the 
petrologic temperature estimates, the broad range of "47 values across listvenite samples, 
compared with the much narrower range of !18O values in both carbonate in quartz, 
suggests that "47 values may have been subject to bond re-ordering after the initial 
precipitation of the carbonate. For example, the relative standard deviation of clumped 
isotope temperatures in magnesite listvenites is 27%, while the relative standard deviation 
of conventional oxygen isotopes temperatures in those sample samples is only 6-9% for 
magnesite and 4-6% for quartz2 
Quartz and magnesite !18O values are positively correlated, but quartz-carbonate 
fractionation factors cannot be reliably used to independently estimate temperatures and 
oxygen isotopic compositions of the fluid in our samples. Quartz appears to be in isotopic 
equilibrium with magnesite, but the temperature dependence of magnesite-quartz 
fractionation factors is weak and non-monotonic when calculated using the reduced 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
"!for assumed !18O of water between -5 and +10‰, and using the magnesite-water 
fractionation factors of Chacko and Deines (2008), Schauble et al. (2006), or Aharon 
(1988) and quartz-water fractionation factors of Friedman and O'Neil (1977) or Sharp 
and Kirschner (1994)!
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partition function ratios for magnesite of Chacko and Deines (2008) or Schauble et al. 
(2006). Although we cannot use quartz-magnesite !18O fractionation to derive 
precipitation temperatures, the fact that the two phases appear to be in isotopic 
equilibrium is another indication, in addition to textural and compositional evidence, that 
magnesite and quartz co-precipitated.  
Quartz and dolomite !18O values are also positively correlated, but at least some 
samples appear to be out of equilibrium. Dolomite has higher !18O than quartz in all four 
dolomite-quartz samples in which we analyzed quartz, in contrast to uniformly positive 
quartz-dolomite fractionation factors calculated using dolomite fractionation factors from 
Chacko and Deines (2008), Schauble et al. (2006), or Sheppard and Schwarcz (1970) and 
quartz fractionation factors from Friedman and O'Neil (1977) or Sharp and Kirschner 
(1994).  Two samples had only slight negative quart-dolomite fractionations of -0.2‰ 
and -0.4‰, which correspond to isotopic equilibration at temperatures of ~90°C using 
fractionation factors from Schmidt et al. (2005) and Friedman and O'Neil (1977), but 
would require temperatures of ~150°C if quartz fractionation factors are taken from 
Sharp and Kirschner (1994), ~200°C if dolomite fractionation factors are taken from 
Vasconcelos et al. (2005), and ~250-300°C if dolomite fractionation factors are taken 
from Northrop and Clayton (1966). Two samples had quartz-carbonate fractionations of -
3.3‰, which is unattainable for most combinations of available dolomite and quartz 
fractionation factors, only being reached at temperatures in excess of 250°C for quartz-
dolomite fractionation factors derived from Schmidt et al. (2005) and Friedman and 
O'Neil (1977). Vein dolomite in one of these samples, OM09-19, is also out of oxygen 
isotopic equilibrium with groundmass magnesite, as dolomite has higher !18O than 
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magnesite in this sample, whereas theory predicts that magnesite should be heavier in 
!18O than dolomite in all cases (Schauble et al. 2006; Chacko and Deines 2008). 
We interpret the scatter the clumped isotope data to be due to post-precipitation 
modification of the carbonate. During obduction of the ophiolite, cooling rates in the 
basal peridotite would be expected to be slow, perhaps allowing continued re-ordering of 
C-O bonds extending to temperatures lower than the apparent equilibrium temperatures 
of 150-300°C observed in other slowly-cooled metamorphic carbonates and carbonatites 
(Ghosh et al. 2006; Dennis and Schrag 2010; Ferry et al. 2011; Passey and Henkes 2012; 
Falk et al. in prep (Chapter 3 of this thesis)). According to the relationship between 
closure temperature and cooling rate from calcite samples in the re-ordering experiments 
of Passey and Henkes (2012), a closure temperature <100°C would correspond to a 
cooling rate of less than 10-4 °C/Myr – in other words, to constant temperature < 100°C 
for millions of years. Passey and Henkes (2012) found that inferred cooling rates derived 
from the two different calcite samples they studied spanned over two orders of magnitude 
for any particular apparent equilibrium temperature. It is unknown to what extent 
reordering rates might differ for carbonates other than calcite or vary as a function of 
lattice defects or trace and minor element concentrations. Thus it is possible that re-
ordering rates could be more rapid in our samples, and might vary significantly between 
samples. 
The clumped isotope signal could also have been partially re-equilibrated during 
post-emplacement interaction with groundwater. Another result of post-emplacement 
water-rock interactions could be late precipitation of additional carbonate within pore 
space of the listvenite. Mixing of CO2 derived from this younger, low temperature 
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component with CO2 derived from carbonate precipitated during listvenite formation 
could lead to anomalous !47 values. Mixing of two carbonates with different "13C and/or 
"18O may result in a !47 value of the mixture that is not only non-linear with respect to 
the weighted proportions of the endmembers, but that outside the range of !47 values of 
the two endmembers (Eiler and Schauble 2004). The highest !47 values we observe in 
listvenite correspond to the lowest "13C values, so it is possible that these high !47 values 
are artificially high as the result of non-linear mixing with a carbonate precipitated from a 
source with low "13C, such as meteoric water for example.  
Regardless of the exact mechanism generating high !47 values in some listvenite 
samples, most of the clumped isotope data cluster around peak temperatures of ~100°C 
and are consistent with "18O values in carbonate and quartz where it appears that stable 
isotope equilibrium has been achieved. These temperatures are similar to those estimated 
from mineral parageneses at the boundary of the listvenite. Although these temperatures 
are significantly lower than the ~150°C clumped isotope temperatures recorded by 
calcite-bearing metasediments within ~100m of the basal thrust beneath the listvenite, it 
may be that these metasediments are part of the metamorphic sole, which experienced 
peak temperatures around 800°C in the early stages of detachment of the ophiolite (Ghent 
and Stout 1981), and that the fluids responsible for listvenitization were derived from 
unmetamorphosed sedimentary rocks beneath the sole.  
The temperatures recorded by our listvenite samples are warmer than the inferred 
maximum temperatures of ~65°C for listvenite formation proposed by Wilde et al. 
(2002), and significantly cooler than temperature estimates from other listvenite bodies 
worldwide: about 210-250°C in Canada (Madu et al. 1990; Schandl and Wicks 1991; 
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Andrew 1985), 280-340°C in Armenia (Spiridonov 1991),  200-300°C in eastern 
Australia (Oskierski et al. 2013), 250-350°C in California (Weir and Kerrick 1987), and 
150-250°C in Morocco (Buisson and Leblanc 1987). 
 
Fluid sources for listvenite formation 
Sr isotopic data can be viewed as a proxy for the source of Ca, and by association 
other elements enriched during formation of listvenites. In low-temperature carbonate 
veins in serpentinite and travertine from the Oman ophiolite, 87Sr/86Sr is higher than 
mantle values but bounded by modern seawater values, suggesting that Sr in those rocks 
could be derived from seawater via evaporation and rainfall and mantle Sr (Kelemen et 
al., 2011, Supplementary Figure 3). By contrast, Sr in listvenites must include a 
substantial component derived from more radiogenic sources. Metasediments underlying 
the listvenite at the Wadi Mansah locality include several suitably radiogenic sources. 
The fact that some listvenites have minimum initial 87Sr/86Sr in excess of minimum initial 
values in these metasediments suggests that our sampling may not encompass the full 
compositional range of the metasediments, or that other sources are involved, such as 
underlying allochthonous and autochthonous sediments, such as the more radiogenic 
(~0.72-0.77) clastic sediments measured by Weyhenmeyer et al. (2000).  
!13C values range from -5.7 to +1.1‰, with overlapping values for listvenites and 
metasediments, which is also consistent with a sediment-derived source of carbon in the 
listvenite. Most listvenite and metasediment samples have !13C values between -2.5 and 
+1‰, with the exception of just a few samples. Listvenite and metasediment samples 
with lower !13C values also have higher "47 values, which may indicate that these 
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samples have undergone lower temperature surface weathering, resulting in additional 
carbonate precipitation and/or isotopic re-equilibration. These lower !13C values are 
consistent with some of the low-temperature carbonate veins in serpentinized peridotite 
in Oman, which typically have !13C values of 0 to -10‰ (Kelemen et al., 2011), 
suggesting exchange with meteoric source of carbon. Accordingly, we focus primarily on 
the majority of listvenite and metasediment samples that have higher !13C and lower "47 
values. 
The fluid mediating this transfer could be derived from sediment-equilibrated 
seawater released upon compaction of pore space or from devolatilization of hydrous 
minerals in sediments. This would also be consistent with stable isotope data. Assuming 
the temperatures indicated by mineral paragenesis and the highest recorded clumped 
isotope temperatures are most representative of the temperature of listvenite formation, at 
80-110°C, !18O compositions of carbonate and quartz in listvenite would typically be in 
equilibrium with fluid !18O values ranging from about -5 to 7‰, depending on the choice 
of fractionation factors (Figure 21). The !18O of Cretaceous seawater in sedimentary pore 
space would evolve to about 5 to 7‰ if it were fully equilibrated with authigenic calcite 
and to about -6 to -9‰ if it were fully equilibrated with clastic quartz3. Thus, the 
listvenite !18O values are within the range for fluid derived from subducting sediments. 
The fact that most dolomite listvenite samples record slightly higher !18O could be due to 
a higher proportion of calcite in the source sediment, consistent with their extreme 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
"!assuming an initial temperature of 10°C; initial !18O of -1‰ for seawater, 31‰ for 
calcite, 6‰ for quartz; initial porosity of 0.70; final temperature of 80-110°C; final 
porosity of 0.56-0.50; and mineral-water fractionation factors from Friedman and O'Neil 
(1977)!
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calcium enrichment, or could result from precipitation of dolomite at lower temperatures 
than magnesite, consistent with the tendency of dolomite to become more stable relative 
to magnesite at a given fluid Mg/Ca ratio with decreasing temperature (Rosenberg and 
Mills 1966). 
Listvenite formed during the emplacement of the Oman ophiolite provides a 
window into CO2 metasomatism in the shallow hanging wall of subduction zones. Along 
typical subduction zone geotherms, slab-top temperatures around 80-110°C are reached 
at depths of ~10-30 km (Rupke et al. 2004). Listvenite a few hundred meters above the 
basal thrust would experience higher temperatures. It is unlikely that listvenitization 
occurred at pressures greater than 10 kbar or less 2 kb, considering the temperature 
constraints described above. Geological data also provide constraints on pressure. The 
crustal section of the Samail ophiolite, overlying mantle peridotites, is 5-7km thick 
(Nicolas et al. 2000). The mantle section of the ophiolite, overlying the basal thrust, 
probably had a variable thickness. It is up to 15 km thick in present day sections (e.g., 
Boudier & Coleman, 1981). This yields a combined thickness of 5 to 22 km for the 
section overlying the Wadi Mansah listvenites at the time of their formation. At these 
pressures, high concentrations of CO2 in the fluid are not required to stabilize magnesite-
quartz listvenites. The CO2 concentration necessary for the stability of magnesite + quartz 
at these temperatures varies with pressure, from XCO2 of at least ~10-7 at a pressure of 
10kb to at least ~10-2 at 10 bar (see Figure 20).  
If listvenite formation occurred during emplacement of the ophiolite and the 
antigorite-quartz-talc assemblage observed at the margins of the listvenite body is 
indicative of peak temperatures, then seawater CO2 concentrations would be sufficient to 
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stabilize magnesite + quartz. In contrast, low pressure alteration involving shallow 
groundwater at similar temperatures, as in the models of Stanger (1985) and Wilde et al. 
(Wilde et al. 2002), would require a more CO2-rich fluid (e.g., XCO2 of at least ~10-2).  
An alternative method of estimating the required CO2 concentration for magnesite 
+ quartz stability is through water-rock reaction path models using EQ3/6 v.8.0 (Wolery 
and Jarek 2003). In these models, water was saturated in CO2 at 2kb and 100°C or 1bar 
and 90°C to yield carbon concentrations (XCO2) of 10-1.40 and 10-3.67, respectively. These 
fluids were titrated with the compositional equivalent of average Oman harzburgite 
resulting in precipitation of magnesite + quartz at high water-rock ratios, with quartz 
replaced by talc and then antigorite as the water-rock ratio decreased. In these models, 
talc joined the equilibrium assemblage at XCO2  ~10-3.8 (~110 ppm C) at 2kb and 100°C, 
more than order of magnitude higher than phase boundary calculated in THERMOCALC 
(XCO2  ~10-5 at 2kb and 100°C), but still only slightly more CO2-rich than seawater (XCO2 
~10-4.4 (Turekian 1968)). When the reaction between pore water and peridotite is modeled 
at 5kb and 100°C, talc joins the equilibrium assemblage at XCO2  ~10-3.5 (~200 ppm C), a 
slight increase in XCO2 with pressure, whereas talc is not stable relative to magnesite + 
quartz in THERMOCALC calculations at the same PT above XCO2  ~10-6, a significant 
decrease in XCO2 with pressure. 
When we look at the listvenite boundary with the eyes of a metamorphic 
petrologist (THERMOCALC), we see reactions between minerals, CO2, and H2O and 
observe that by Le Chatelier’s principle, the reaction 3 magnesite + 4 quartz  + H2O = 
talc + 3 CO2 will have a negative slope in P-XCO2 space. The aqueous geochemist 
(EQ3/6) sees this boundary as a function of the saturation states of magnesite, quartz, and 
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talc in the fluid, and the role of aqueous species cannot be ignored; indeed they are the 
basis of the model calculations. Given that the volatile-free bulk composition of the 
protolith remains practically unchanged in magnesite-quartz listvenite, the phase 
boundary approach of the metamorphic petrologist may be more appropriate in that case, 
while the dolomite-quartz listvenite, which has experienced more chemical exchange 
with the fluid, may require the aqueous geochemist’s touch. Although neither model 
perfectly captures the system—calculation of reactions between mineral end-members in 
THERMOCALC neglects aqueous species, while EQ3/6 calculations rely on data 
extrapolated from low PT conditions—applying both approaches gives a broader view of 
the nature of the listvenite-forming reactions. 
Metamorphic decarbonation of sediments is not expected to occur in the forearc 
(e.g., Kerrick and Connolly 2001; Gorman et al. 2006), but carbonate dissolution has 
been shown to be a source of CO2 in metasomatic processes in subduction zones (e.g., 
Mottl et al. 2004; Frezzotti et al. 2011). Carbonate dissolution and release of CO2-
enriched fluids could occur gradually as pore-water in equilibrium with sediments is 
compacted, or more suddenly as freshwater is released from dehydration of minerals in 
the sediments, such as clays, and reacts with carbonate-bearing sediments. The resulting 
fluid, saturated in the minerals in the sedimentary host rock, would rise into the overlying 
mantle, perhaps migrating first along the slab interface or subparallel faults.  
We model the sediment-equilibration process in EQ3/6 as a closed reaction 
between Cretaceous seawater (Wallmann 2001; Timofeeff et al. 2006) and an excess of 
calcite, quartz, clinochlore, and kaolinite, at pressures of 1, 2, and 5 kb and temperatures 
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of 30-250°C. In this model step, calcite dissolution during subduction can result in large 
increases in the carbon concentration in the fluid, as shown in Figure 22.  
Although the carbon concentration of fluids generated at 5kb are in excess of 
what is necessary to stabilize the carbonate + quartz assemblage that characterizes 
listvenite, EQ3/6 models of the reaction between this fluid and peridotite at pressures of 2 
or 5kb were unsuccessful in producing carbonate, quartz, and talc in ratios consistent 
with those observed in Oman listvenite.  
A rough mass balance calculation shows that the flux of CO2-bearing fluid from 
the subducted sediments is sufficient for the formation of the extensive listvenites 
observed in Oman. A 100-meter thick column of listvenite containing 30 wt% CO2 
contains ~25,000 kg C/m2. If we assume the fluid carbon concentration was ~250-
450ppm C (equilibration of pore water with sediments at 5kb, at temperatures of 50-
100°C), then the mass of fluid reacted to form this listvenite would be ~5.5!107 to 
9.8!107 kg/m2, or ~3-5 kg/yr/m2 if averaged over ~20Ma of obduction. In the case of 
pore water release, sediments start with a pore volume fraction of ~0.4-0.7, and after 
rapid compaction to ~0.2 porosity in the first couple kilometers of burial (or subduction), 
porosity decreases by ~0.04/km, or ~1.4 wt% water / km (Bond and Kominz 1984) over a 
depth interval of 2-7km. Thus, for a hypothetical 1500 m column of sediment being 
subducted at a rate of 6 cm/yr, ~3 kg of pore water/m2/yr would be released by 
compaction beneath the hanging wall mantle. This is on the order of the amount of fluid 
required to form the listvenite. Obviously, these are very approximate calculations. If 
package of subducting sediment were thinner, it would provide less fluid via compaction; 
if it were thicker, more fluid. Furthermore, focusing of fluid flow could yield localized, 
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high fluid fluxes.  Seafloor fluid expulsion in forearcs demonstrates that water released 
by dehydration of subducted sediments is transported both vertically and trench-ward by 
deep-seated thrust faults (Hensen et al. 2004). In Oman, listvenite follows major fault 
zones, and the antiformal structure of the Wadi Mansah locality, if present during 
carbonation, could also have localized fluid flow.  
Mineral dehydration could also contribute fluid. Average global subducting 
sediment (GLOSS) (Plank and Langmuir 1998) contains ~7% mineral-bound water. 
Thermodynamic models used by, e.g., Gorman et al. (2006) do not include critical 
reactions involving the transformation of clay minerals to micas and chlorite. These can 
involve considerable quantities of dehydration. For example, reactions involving clay 
minerals feldspar and quartz, at depths of 2-5km and temperatures of 80 to 175°C, may 
evolve up to ~ 30 wt% H2O (Lynch 1997). For a 1500 m thick sediment section including 
50% clay rich lithologies, subducting at 6 cm/yr, this would produce 1800 kg of 
water/m2/yr. Thus, shallow dehydration reactions involving clays could be a much larger 
source of aqueous fluid saturated in sedimentary carbonate minerals, compared to the 
expulsion of pore waters during compaction. Such transformations of hydrated minerals, 
including expulsion of interlayer water and conversion of opal-A to opal-CT at 30° to 
80°C and expulsion of interlayer water and conversion of smectite to illite at 50° to 
150°C have been proposed as the source of low-chlorinity waters upwelling at serpentine 
mud volcanoes in the Mariana forearc (Mottl et al. 2004) and at seafloor sites in 
accretionary prisms (Bebout 2013). 
At higher temperature, modeling by Rupke et al. (2004) and Gorman et al. (2006) 
– which does not account for all of the shallower dehydration reactions described in the 
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previous paragraph, indicates that ~50% of the mineral-bound water in sediments should 
be released by dehydration in a pulse between ~30 and 50 km depth. A 1500 m column of 
sediment being subducted at a rate of 6 cm/yr would be expected to release ~6000 kg 
H2O/yr in this dehydration front. These are huge fluxes compared to those estimated for 
compaction, above. If some of this fluid migrated up the subduction zone within a 
subducting sediment layer, maintaining equilibrium carbon concentrations, and then 
reacted with peridotite at shallower depth, this would be sufficient to account for the 
observed mass of carbonates in Oman listvenite.  
 
Implications for carbon capture and storage (CCS) 
Carbonation of peridotite has been proposed as a method for permanent CO2 
storage (e.g., Seifritz 1990; Lackner et al. 1995) as well as distributed, geological capture 
of CO2 (Kelemen and Matter 2008; Kelemen et al. 2011). Natural analogs to in situ 
mineral carbon sequestration in ultramafic bodies present potential alternatives to ex situ 
mineral carbonation, avoiding the costs of mining, transporting, and treating ultramafic 
material (e.g., Cipolli et al. 2004; Hansen et al. 2005; Kelemen and Matter 2008; 
Kelemen et al. 2011; Beinlich et al. 2012). However, a major concern regarding in situ 
carbonation is that the solid volume increases expected during peridotite carbonation 
would result in loss of porosity and permeability, and armoring of reactive mineral 
surfaces, thereby limiting reaction progress (e.g., Xu et al. 2004; Hansen et al. 2005).  
The presence of listvenite bodies demonstrates that geological carbonation of 
peridotite can progress to completion under natural conditions. 
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Hansen et al. (2005) and Beinlich et al. (2012) suggest that smaller solid volume 
increases associated with carbonation of serpentine rather than olivine reduce the risk of 
pore space clogging. In Oman, Stanger (1985) proposes that total serpentinization of the 
basal peridotite preceded formation of the “Amqat” lithology (listvenite). However, we 
find tens of percent of relict olivine in samples taken within meters of magnesite-quartz 
listvenites. These relicts are surrounded by high-Fe serpentine that likely formed much 
later than listvenites, at lower temperatures (Streit et al. 2012), indicating that relict 
olivine was probably abundant at the initiation of listvenite formation. In spite of the 
larger volume increases associated with carbonation of olivine, complete carbonation was 
attained within the listvenite zones. 
 This solid volume increase may even contribute to reaction progress by 
maintaining permeability through reaction-driven cracking (e.g., MacDonald and Fyfe 
1985; Kelemen et al. 2011; Kelemen and Hirth 2012). Although listvenite bodies in 
Oman probably follow pre-existing fault zones, and fluid flow may have been localized 
along such faults, vein orientations in most of our listvenite samples are random or 
mutually orthogonal, and thus do not appear to be tectonically controlled. Quartz and 
carbonate veins occur as hierarchical networks extending down to micron scales, forming 
perpendicular vein sets suggestive of isotropic stresses (e.g., see Figures 4b and 8a). 
Reaction-driven cracking will be favored when reaction rates are high and stress 
increases due to volume changes during reaction can outpace viscous relaxation.  At ~80-
106°C and PCO2 on the order of  ~1 to 5 bars (surface water at 2 to 10 kb), our fit 
(Kelemen and Matter 2008) to experimental data on olivine carbonation at pH ~6-8  
(O'Connor et al. 2005; Chizmeshya et al. 2007) yields rates ~ 104 to 105 higher than the 
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rate of surficial weathering, It appears these conditions were sufficient to promote self-
fracturing during peridotite carbonation.  
 
Conclusions 
Mineralogical and isotopic data support the hypothesis that magnesite-quartz 
listvenites formed during obduction of the Oman ophiolite, as CO2-enriched fluids 
derived from underlying sediments metasomatized hanging wall peridotite. Globally, 
extensive carbonation of mantle wedge peridotite may be more common in above 
subduction zones than has been previously recognized. Even without extremely high CO2 
concentrations and at temperatures below those corresponding to peak reaction rates in 
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Table 4: Electron micro-probe analyses of olivine
Sample: OM10-02 OM10-01 OM10-06 OM10-07
Lithology: s.p. s.p. s.p. s.p.
wt%
stdev
SiO2 43.6 40.9 40.5 40.5
0.4 0.5 0.4 0.2
FeO 2.2 9.1 8.5 10.6
0.7 0.2 0.1 0.9
MgO 55.0 50.0 51.6 50.4
2.2 0.2 0.6 1.9
NiO 0.25 0.40 0.40 0.43
0.08 0.02 0.03 0.03
Total 101.2 100.6 101.2 102.2
1.8 0.3 0.7 0.7
Mg# 97.8 90.7 91.5 89.5
n 2 4 9 2




































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table 6: EMPA of minerals found in a limited number of samples (sample numbers prefixed "OM")
Sample: 10-26 10-26 10-26 09-27 09-27 10-01 10-07 10-02
Lithology listv. listv. listv. listv. listv. s.p. s.p. s.p.
Mineral Fuchs. Pheng. HPR Anhydr. Celest. En Di Ni-sulfide
wt% wt%
stdev stdev
SiO2 28.8 53.1 1.8 0.6 0.5 54.4 54.8 Si 1.5
9.3 1.7 0.4 1.3
TiO2 0.4 0.0 84.9 0.0 0.0 0.1 0.0 Ti 0.0
0.6 4.9 0.0 0.0
Al2O3 14.3 25.9 0.2 0.0 0.0 4.2 0.2 Al 0.0
3.2 0.2 0.0 0.0
FeO* 6.8 2.7 6.1 3.4 2.4 5.4 1.3 Fe 0.4
2.4 1.1 3.3 0.6
MgO 3.5 3.0 0.1 2.0 0.6 31.2 19.2 Mg 0.0
1.6 0.1 1.0 0.0
CaO 0.4 0.2 0.0 36.8 1.9 3.8 25.0 Ca 0.0
0.1 0.0 2.9 0.0
K2O 3.4 7.9 0.0 0.0 0.0 0.0 K
1.2 0.0
SO3 0.0 50.6 36.0 S 27.7
0.0 6.9 7.9
SrO 45.5 Sr
Cr2O3 19.8 2.1 1.0 0.1 0.1 0.7 0.0 Cr 0.0
8.4 1.4 0.0 0.0
NiO 0.90 0.10 0.03 0.02 0.00 0.10 0.04 Ni 58.4
0.40 0.03 0.02 13.1
Total 78.7 94.2 93.7 89.9 100.1 100.8 Total 88.0
5.6 2.1 3.6 14.9




Additional notes: The average composition of magnesite in OM10-02 has been subtracted from 
contaminated analyses of Ni-sulfide
148
Table 7. Bulk Sr isotopic data





OM10-11 dol-qtz listv. 297 0.4 0.709548 0.709543
OM10-14 dol-qtz listv. 258 0.4 0.709600 0.709594
OM10-15 dol-qtz listv. 190 0.8 0.712724 0.712708
OM10-20 dol-qtz listv. 326 0.7 0.711183 0.711175
OM09-20 dol-qtz listv. 339 0.6 0.713542 0.713536
OM09-15 mgs-qtz listv. 48 0.7 0.709531 0.709476
OM10-03 mgs-qtz listv. 23 0.3 0.711304 0.711259
OM10-26 mgs-qtz listv. 42 22.8 0.711393 0.709331
OM10-02 talc listv. 41 0.0 0.710738 0.710738
OM11-17 talc listv. (Tuf) 128 0.0 0.708475 0.708475
OM10-18 metased. 1736 3.5 0.711211 0.711204
OM11-39 metased. 58 79.0 0.715810 0.710699
OM11-42 metased. 40 68.0 0.718880 0.712516
OM11-43 metased. 682 12.5 0.709080 0.709011
OM11-45 metased. 225 0.7 0.708348 0.708336
OM11-47 metased. 59 0.8 0.709190 0.709139
OM11-48 metased. 500 79.4 0.708950 0.708351
OM11-50 metased. 172 0.0 0.706125 0.706125
OM10-21 metavolc. 357 6.7 0.705433 0.705362
OM11-41 metavolc. 421 7.4 0.704419 0.704353
2-! analytical uncertainty: 4.6 1.7 0.000003
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Table 8: OM10-26 Rb-Sr data for isochron, Rb and Sr concentrations by ICPMS
Subset Side slope Current Rb ± 2! Sr ± 2! Rb/Sr ± 2! 87Sr/86Sr
2 Hand-magnet 6.5 0.3 42.4 0.8 0.153 0.007 0.709922
3 20° 0.25 A 4.4 0.3 76.6 1.1 0.057 0.004 0.709405
4 20° 0.5 A 9.4 0.3 36.3 0.9 0.258 0.011 0.710919
5 20° 0.7 A 49.7 0.8 77.9 1.5 0.638 0.016 0.713141
6 20° 0.9 A 62.3 0.9 55.9 1.4 1.115 0.032 0.713900
7 20° 1.2 A 54.8 0.7 43.9 0.9 1.249 0.031 0.714000
8 5° 1.2 A 36.3 0.5 50.9 0.8 0.712 0.015 0.712755












































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table 10. !18O in quartz from listvenites
Sample !18O, ‰ (SMOW) Std. dev.
OM09-19 DOL 21.7 1.2
OM09-20-0.4 25.7 0.5
OM10-14-0.4 16.5 0.1




OM09-19 MGS 22.6 0.1
OM10-03-s 22.3 0.3
OM10-26 bulk 23.8 0.8
OM10-26Q 22.7 0.9





























Figure 2. Zoned soapstone reaction fronts in Wadi Abyad, (a) in outcrop (pen for scale) 
and (b) in thin section.  
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Figure 3. Geologic map and representative cross-section of the Wadi Mansah listvenite 
locality, including individual sample locations (place-markers). Adapted from Villey et 
al. (1986), Google Earth data, and field observations (including hand-held GPS 
measurements and attitudes of composition banding, contacts, and fault surfaces). Map 
area between 2582600 m and 2587150 m N and 619900 m and 625400 m E in UTM zone 
40 Q. 




















Figure 4. Listvenite outcrops at Wadi Mansah. (a) listvenite bands enclosed in 
serpentinized peridotite; (b) hierarchical quartz and carbonate veins (photo by P. 
Kelemen); (c) coarse, fracture-filling dolomite from the ridge crest. 
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Figure 5. (a) Volatile-free molar MgO versus molar SiO2. (b) Volatile-free molar MgO + 
CaO versus molar SiO2. (c) Mg# versus molar SiO2. Dashed and dotted grey lines show 
expected composition an average peridotite composition is perturbed only by loss or 
addition of Mg or Si, respectively. Quartz + magnesite listvenites compositions (red 
diamonds) and serpentine-bearing transitional rocks from the margin of the listvenite 
body (green triagnles) mostly fall within the range of fresh peridotite observed in Oman 
by Hanghoj et al. (2010)  (yellow oval). Dolomite + quartz listvenite compositions (blue 
squares) span a broader range of Si concentrations and are deficient in Mg, primarily due 
to variable Ca addition. Low Mg numbers in the dolomite + quartz listvenites could be 
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Mg  Si   Fe   Ca   Al   Cr   Mn  Na   Ti     P     K    Ni  Cu   Sc 
Dolomite + Quartz 
Magnesite + Quartz 
Magnesite + serpentine 
Partially serpentinized peridotite 
Figure 6. XRF data from listvenites and associated rocks compared to average 
Oman harzburgite (Hanghoj et al, 2010). XRF data are projected from loss-on-
ignition (LOI), and the volatile-free composition is ratioed to average Oman 
harzburgite. The logarithm of these ratios are plotted here, such that a value of 
zero is identical in composition of average Oman harzburgite, positive values 
indicate enrichments relative to the protolith, and negative values indicate 
depletions relative to the protolith. Magnesite + quartz listvenite (red), dolomite + 
quartz listvenite (blue), transitional serpentine-bearing samples from the margin 
of the listvenite body (yellow), and partially serpentinized peridotite (grey) are 
similar in composition to average Oman harzburgite, but all listvenite samples 
have some enrichment in K, and dolomite + quartz listvenite samples are highly 






























































































































































































































































































Figure 7. Isocon diagrams for some magnesite + quartz listvenites (top, blue) and 
ambient serpentinized peridotite (bottom, green) with compositions near average Oman 
harzburgite. X axes are volatile-free element concentrations in the protolith (average 
Oman harzburgite (Hanghoj et al. 2010)); error bars on grey 1:1 line represent 2-! natural 
compositional variability in Oman harzburgite. Y axes are volatile-free element 
concentrations in altered rocks; error bars represent 2-! analytical uncertainty.  
Element concentrations are scaled as 50 " wt% K2O, 100 " wt% P2O5, 100 " wt% TiO2, 
2.5 " wt% CaO, 30 " wt% MnO, 0.3 " ppm Cu, 15 " wt% Cr2O3, 0.003 " ppm Ni, 10 " 
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Figure 8. Micro-textures in listvenite and transitional zones at Wadi Mansah, back-
scattered electron (BSE) images and elemental maps. (a) A representative BSE image of 
listvenite sample OM09-15 shows fine, intergrown magnesite and quartz cut by dense 
networks of quartz veins fine, bright Fe-oxides are scattered through the matrix and 
larger, bright relict Cr-spinel attests to the peridotite protolith. (b) BSE image of 
magnesite and quartz, lacking sharply defined monomineralic vein networks, and 
intergrown with abundant fine-grained Fe-oxide in sample OM10-03. (c) Bladed 
antigorite intergrown with quartz in sample OM09-12, a serpentinized peridotite from 
collected near the listvenite margin, shown in an WDS elemental map of Si content (left) 
and an EDS elemental map of Mg content (right). (d) Talc-serpentine (antigorite) vein 
adjacent to magnesite intergrown with serpentine in sample OM10-02, a serpentinized 
peridotite sample collected at the margin of the listvenite. Yellow dotted lines added to 
emphasize boundary between talc and antigorite. Although not pictured here, magnesite 
is also present in these small, mixed veins. (e) Mixed veins of quartz, talc, and Fe-oxide 




























Figure 9. Cross-cutting relationships between carbonate minerals. (a) Coarse dolomite 
and calcite veins cut magnesite + quartz listvenite, OM09-74; (b) Brown dolomite-quartz 














Figure 10. Partially serpentinized peridotite with high-Fe serpentine around olivine 
relicts in sample OM10-06, a partially serpentinized peridotite sample from near the 
margin of the listvenite at Wadi Mansah, shown in (a) back-scattered electron image, 
WDS elemental maps of (b) Fe and (c) Si, and (d) EDS elemental map of Si. Fe-rich 
serpentine is interpreted to post-date mesh texture veinlets and to have formed as a 

























































Figure 11. Fe# (molar Fe/(molar Fe + Mg)) histograms for magnesite, serpentine, and 
talc in carbonate-veined serpentinite, listvenite, and soapstone. 


























Figure 12. Fuchsite after Cr-spinel in OM10-26, back-scattered electron image (BSE) 
 
  




Figure 13. Fuchsite & spinel Cr# vs. Mg# for listvenites and partially serpentinized 
peridotite enclosing listvenite bodies, compared to values in fresh Oman peridotite and 
abyssal peridotites (fig 5b from Hanghoj et al. 2010, greyed) 
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Figure 14. Minimum initial Sr isotope ratios for listvenites (red diamonds), local 
underlying allochthonous metasediments and metavolcanics from the metamorphic sole 
(yellow circles), and autochthonous clastic metasediments from Weyhenmeyer (2000) 
(green squares). Minimum initial Sr isotope ratio assumes a maximum age of 96 Ma and 
calculates the initial 87Sr/86Sr based on the measured present 87Sr/86Sr and measured 
Rb:Sr ratio for the listvenite and local metasediment measured in this study. Rb 
concentrations were not available for the autochthonous clastic metasediments from 
Weyhenmeyer (2000), so an estimated Rb concentration of 100ppm was used to calculate 
an approximate minimum initial Sr isotope ratio at 96 Ma. 
  

















Figure 15. Internal Rb-Sr isochron for OM10-26 yields an age of 97 ± 29 Ma, consistent 











Figure 16. Ar-Ar geochronology in OM10-26. Step heating of fuchsite-rich grains yields 
unrealistically high ages in the first heating step, and scattered ages of heating steps may 
suggest mixing of several components. Although fuchsite likely formed during listvenite 
formation, these weathered aggregates of fuchsite do not appear to retain an Ar-Ar age 






























































Figure 17. Cross-plots of !47, "13C, "18O, and clumped T (Ghosh et al., 2007; Guo et al. 
2009) in listvenite and associated lithologies: magnesite + quartz listvenite (red 
diamonds), dolomite + quartz listvenite (blue diamonds), calcite-bearing metasediment 
(yellow circles), dolomite-bearing metasediment (blue circle). "13C values cluster around 
-3 to +1‰, with overlapping values for listvenites and metasediments. Carbonate "18O 
values in listvenite mostly fall within a range of 22 to 26‰ (SMOW). If all listvenite 
samples formed from fluids of similar isotopic composition, these "18O values imply a 






















Figure 18. !18O values in quartz are correlated with !18O in carbonate (red diamonds = 






























Figure 19. T-XCO2 phase diagram for magnesite, antigorite, talc, and quartz at 2kb, 










































Ta + 3 CO2 





Figure 20. T-X phase boundaries for the reaction 3 magnesite + 4 quartz  + H2O  
























 Figure 21. Fluid !18O from carbonate and quartz versus carbonate !18O at temperatures 
of 80-110°C. Blue squares = dolomite, red diamonds = magnesite, purple circles = 
quartz. Open symbols represent !18O of the fluid calculated from mineral-water !18O 
fractionation factors at a temperature of 80°C, filled symbols at 110°C. The range of fluid 
!18O shown for a single sample and temperature represents the variability in available 
fractionation factors (top to bottom): Dol - Schauble et al. (2006); Vasconcelos et al. 
(2005); Chacko and Deines (2008); Northrop and Clayton (1966); Schmidt et al. (2005), 
Mgs - Aharon (1988) magnesite (1), Aharon (1988) magnesite (2), Schauble et al. (2006), 
Chacko and Deines (2008); Qtz - Friedman and O'Neil (1977), Sharp and Kirschner 
(1994). Oxygen isotopes in magnesite and quartz are in fairly good agreement for most 
choices of fractionation factors, while dolomite oxygen isotope values tend to be slightly 



















Figure 22. Carbon concentration in pore-water saturated in sediment at pressures of 1, 2, 
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Appendix 2. Clean chemistry procedures 
 
(Adapted from LDEO clean lab procedures as written up by Jason Jweda) 
 
Dissolution of Silicate Rock Powders 
 
1) Weigh an empty pre-cleaned Teflon beaker (wrap in Al foil and shoot with electro-
static gun) and then re-zero the balance. 
 
2) Add ~0.2 g (range: 0.19 – 0.21 g) of rock powder to beaker. 
 
3) Weigh the beaker with the sample. 
 
4) In fume hood, add 3 ml conc. HNO3 + 1.5 ml HF. Seal tightly 
 
 
5) Heat on hotplate for ~12 hr (overnight) at 140°C. 
 
6) Check to see if dissolution is complete (dissolved samples should be white in color). If 
dissolution is complete, sonicate for ~20 minutes. 
 
a) If dissolution is incomplete, sonicate and heat as necessary to dissolve samples. 
 
7) Un-cap beakers and air dry beakers on hotplate at 120°C for ~3 hr (be careful to un-
cap beakers in correct sequence…laminar air flow in hotplate boxes). 
 
8) When dry, allow the samples to cool and then add 1 mL of DD conc. HNO3 to the cap 
of the beakers and carefully pour into beakers. Add 1 mL of DD conc. HNO3 to each 
beaker, sonicate for ~10 min, and then heat on hotplate for ~12 hr. (overnight) at 120°C. 
 
9) Un-cap beakers and air dry on hotplate at 120°C for ~3 hr. 
 
10) Add 2 mL of DD 6 N HCl + 0.2 N HF, cap beakers, and then sonciate for ~10 min to 
break up the samples. 
 
11) Heat on hotplate at 120°C overnight. 
  
 a) If solid residues remain, sonicate for ~40 min. If solids still remain, add another  
                2 ml of DD 6 N HCl + 0.2 N HF. Seal beakers and heat on hotplate at 120°C  
                for 30 minutes, then sonicate for 30 minutes. 
 
12) Un-cap beakers, wipe droplets from outside of beakers, and dry on hotplate at 120°C 
for ~3 hr. 
 
13) When dry, cap the beakers and allow them to cool.  
 
  208 
 
Procedure – Tru-Spec Column Chemistry 
 
1) Take the dried samples from the dissolution step and add 1 mL of 1 N HNO3 to each 
beaker. 
 
2) Cap beakers, sonicate for 20 min, and heat on hotplate at 90°C for ~1-2 hours. 
 
3) Allow beakers to cool and then transfer to bullets and centrifuge samples for ~25 
minutes. 
 
4) Concurrently prepare Pb columns for Tru-Spec chemistry: 
 
 a) Add QD water to resin and brake up fine particles by shaking. 
  
 b) Pipette off fine particles from top of water surface. 
 
 c) Prepare column stand by rinsing with DI water and putting parafilm across the 
 top of the stand.  Cut holes in parafilm for columns. 
 
d) Rinse off pre-cleaned Pb columns to for Tru-Spec column chemistry.  Clean Pb 
columns by putting columns in a large Teflon beaker with DD 6 N HCl (re-used 
for cleaning) and sonicating for ~10 minutes and then rinse columns off with QD.  
Also put columns in a large Teflon beaker with DD 1 N HNO3 (re-used for 
cleaning) and sonicating for ~10 minutes and then rinse columns off with QD.  
 
e) Add QD water to columns (bottom first and then top, avoiding any bubbles in 
stem of column). 
 
f) Add Tru-Spec resin (rinsed resin with 3N HNO3 and then QD 3x; pipette off 
floating particles) up to the neck of the columns. 
 
g) Allow resin to settle and pipette off excess. 
 
5) Collecting in a waste beaker, fill column with 1 full reservoir of QD water. 
 
6) Make DD 1 N HCl (41.667 mL of 6 N HCl with 208.333 mL of QD). 
 
7) Add 1 full reservoir of DD 1 N HCl to the columns to wash away REEs (2 times). 
 
8) Add 300 !L of QD water to the columns to wash the HCl from the columns. 
 
9) Add 300 !L of DD 1 N HNO3 to pre-condition the columns (3 times). 
 
  209 
10) Change the waste beakers with the original sample Teflon beakers and load 
centrifuged samples by carefully pipetting the supernatant avoiding the solid particles.  
Remember to keep beaker caps facing down. 
 
11) Add 500 !L of DD 1 N HNO3 to the columns to elute the cation cut (Rb and Sr) (3 
times). 
 
12) Collecting in new beakers (labeled REE cut), add 330 !L of DD 1 N HCl (3 times). 
 
13) After all of the clean REE cut solution has been collected, cap beakers and store 
properly with label and polyvinyl chloride wrap. 
 
14) Cover the columns with wrap and leave for cleaning. 
 
15) Dry down both the cation cut and the REE cut at 120°C on the hotplate for ~3-4 
hours. 
 
16) Clean the Tru-Spec columns by rinsing with QD to remove resin and then putting 
columns in a 6 N HCl re-usable cleaning solution bath.  Sonicate columns for ~10 
minutes and then store columns in QD water.    
 
Sr Column Chemistry 
 
1) Add 0.5 mL of DD 3 N HNO3 to the cation cut from the REE separation. 
 
2) Heat to 110°C on the hotplate for ~1-2 hours to dissolve samples. 
 
3) Transfer dissolved samples to bullets and centrifuge for ~20 minutes. 
 
4) Concurrently prepare the 30 µL volume Sr columns with 0.5 mL volume reservoirs 
(hand made from shrink tubing): 
 
a) Clean out previously used Sr columns (small columns) with QD water and 
removing the resin.  
 
b) Clean Sr columns by putting them in a 6 N HCl bath and sonicating for ~15 
minutes and then rinsing them off with QD. 
 
b) Prepare column stand by rinsing with DI water and putting parafilm across the 
top of the stand.  Cut holes in parafilm for columns. 
 
c) Add QD water to columns (bottom first and then top, avoiding any bubbles in 
stem of column). 
 
d) Add Sr resin up to the neck of the columns. 
 
  210 
e) Allow resin to settle and pipette off excess. 
 
5) Collecting in waste beakers, add 1 full reservoir of QD water to wash away any Sr in 
the columns (3 times). 
 
6) Make DD 3 N HNO3 (49.670 mL of DD 15.1 N HNO3 and 200.330 mL of QD water), 
and then add 1 full reservoir of 3 N HNO3 to condition the columns. 
 
7) Collecting in the original sample beakers, load the samples by pipetting the 
supernatant from the centrifuged solutions 
 
8) Add 330 !L of 3 N HNO3 to the columns to collect Rb and other cations (3 times). 
 
9) Collecting in new pre-cleaned beakers (labeled pure Sr cut), add 1 full reservoir of QD 
to elute pure Sr (3 times). 
 
10) After all of the clean Sr cut solution has been collected, cap beakers and store 
properly with label and polyvinyl chloride wrap. 
 
11) Clean Sr columns by dumping the resin with QD and then put Sr columns in a 6 N 
HCl bath and sonicate for ~15 minutes. 
 
12) Dump the 6 N HCl for re-use in cleaning and store Sr columns in QD water. 
 
13) Dry down the Sr samples.  Add 2 drops of conc. HNO3, sonicate, and then dry to a 
drop.  Then add 8 uL of 6 N HCl and keep in beaker until loaded onto filament. 
 
14) After Sr samples have been measured by TIMS, add 20 uL of conc. HNO3 to the 
beakers, dry to drop, add 500 uL of 6 N HCl, heat for 5 min., sonicate, and transfer to 
bullets for storage. 
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